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Abstract 
This thesis presents the development of solution-processable hole-transporting inorganic 
semiconductors for electronic applications. As the improvement of electron-transporting oxides, such 
as ZnO, In2O3, and SnO2, has continued to advance, the progress on the hole-transporting counterparts 
is still largely lagging behind.  
Copper(I) oxide (Cu2O) is one of a handful oxide materials that shows hole transport. This thesis shows 
the first demonstration of p-channel TFTs from Cu2O thin films processed from the spray pyrolysis 
technique. The field-effect hole mobility ( FE ) is in the range of 10
–4–10–3 cm2 V–1 s–1 while the on-to-
off channel current ratio ( on offDI
 ) is on the order of 103. The work presented here emphasises the 
versatility of the spray pyrolysis, which has previously been employed to successfully produce n-type 
oxides and dielectrics. 
Another copper(I)-based inorganic compound, copper(I) thiocyanate (CuSCN), has a unique 
combination of good hole-transporting characteristics and excellent optical transparency. This thesis 
presents extensive characterisation results of CuSCN thin films from their chemical, electronic, optical, 
morphological, to structural properties and demonstrates, for the first time, p-channel TFTs with a truly 
transparent active layer based on a solution-processed wide-band-gap inorganic semiconductor. FE  in 
the range of 0.01–0.1 cm2 V–1 s–1 has been achieved whereas on offDI
  is on the order of 104. A p-channel 
unipolar voltage inverter has also been constructed from CuSCN TFTs, showing the possibility of 
realising transparent electronics. CuSCN-based TFTs are also studied in more details by analysing their 
transfer characteristics for the distribution of localised states and examining their temperature 
dependence for the hole transport modes. 
Furthermore, due to its novel electronic and optical properties, CuSCN is also offered as a replacement 
of PEDOT:PSS as a hole-transporting layer in bulk-heterojunction organic photovoltaics (OPVs) and 
organic light-emitting diodes (OLEDs). Owing to its superior optical transparency, CuSCN-based solar 
cells consistently exhibit higher power conversion efficiency (PCE) than PEDOT:PSS-based cells, 
especially in the case of cells employing active layers that absorb light in the near-infrared spectral 
range. Specifically, cells based on PDPP-2T-TT:PC71BM show PCE of ~8% with CuSCN HTL 
compared to ~6.2% with PEDOT:PSS HTL. In addition, the energy levels of CuSCN lead to a lower 
hole injection barrier as well as effective electron blocking property, yielding OLEDs with a low turn-
on voltage and low leakage current. OLEDs employing an active layer of (PPy)2Ir(acac) in  
26DCzPy:TCTA with CuSCN HTL show higher values of highest achievable efficacies (51 cd A–1 and 
55 lm W–1 at 1 cd m–2) compared to those with PEDOT:PSS HTL (38 cd A–1 at 2142 cd m–2 and 14  
lm W–1 at 1710 cd m–2).  
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Chapter 1  
Introduction 
Many aspects of the modern society are built upon the intriguing electronic and optical 
properties of semiconductors. The most important material is undeniably silicon (Si), mainly 
due to its abundance and availability of high quality native oxide. Along with other useful 
industrial semiconductors, such as germanium (Ge), also from Group IV, and compounds 
from Group III and V, they are all inorganic solids. Traditionally, the development of these 
semiconductors and their devices focuses on improving the performance by pushing the 
engineering to its limits – higher quality and smaller dimensions. This involves highly 
sophisticated manufacturing processes and results in devices whose performance has been 
increasing dramatically from generation to generation.  
However, apart from the conventional semiconductors, other materials also display 
semiconducting properties. One class which has been a focal point of immense research effort 
in recent years is the organic semiconductors. Early studies on the conductivity of organic 
materials (for example, see Ref. [1]) received little attention until the notable research by 
Heeger, MacDiarmid, and Shirakawa in the 1970s that later earned them the Nobel Prize in 
Chemistry in 2000 “for the discovery and development of conductive polymers.” Then in the 
1980s, electronic devices from organic materials were first demonstrated by Tang and Van 
Slyke (organic light emitting didoes, OLEDs) [2] and Koezuka et al. (organic field-effect 
transistors, OFETs) [3]. However, commercial applications of organic semiconductors were 
not of interest because the conventional inorganic counterparts performed so well shadowing 
all other candidates. It was not until the 1990s that the strengths of organic semiconductors, 
i.e., their tunability and processability, began to be realised.  
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The advancement in organic chemistry and quantum chemistry has enabled designing 
molecules with specifically tailored electronic and optical properties. One important example 
is the ability to tune the energy band gap of the organic semiconductors, giving rise to a full 
range of colour of light emission, which has now led to the commercialisation of organic light-
emitting diode (OLED) displays. Another advantage of organic materials is their 
processability. They can be deposited from various methods including solution-processing 
routes such as spin-coating, doctor blading, inkjet printing, and roll-to-roll printing onto 
various types of substrates, particularly thin and flexible plastic sheets. Conventional 
inorganic semiconductors are typically restricted to hard inflexible substrates, and hence the 
common electronic components are rigid parts which are in turn assembled on rigid circuit 
boards. Devices and appliances built around these are then limited to rigid forms. However, 
plastic electronics can overcome such confinement, offering distinct advantages such as 
lightweight, physical flexibility, robustness, and cost-effectiveness (see Figure 1.1). It is 
speculated that the research and development in this area will open up new horizons for 
electronic applications, paving the way towards ubiquitous electronics. Similar to how 
electronic devices have become an integral part of our modern life, the manufacturability and 
flexibility of plastic electronics are envisaged to take the integration further by turning 
everyday objects into electronic systems, such as buildings and automotive industry (smart 
windows and OLED lighting panels), clothing (wearable electronics), labels and packages 
(radio-frequency identification or RFID tags and smart packaging), healthcare (wearable 
medical devices), and many others (for example, see Ref. [4]).  
Moreover, the choice of materials in more recent years is no longer limited to organic 
molecules. It has been shown that certain inorganic semiconductors, specifically metal oxides, 
also offer similar processability to organic materials and now even better performance. An 
important example is indium-gallium-zinc oxide (In-Ga-Zn-O, IGZO) pioneered by Nomura 
et al. [5, 6], which due to its amorphous nature and high electron mobility, can be deposited 
onto large substrates and has already been commercialised as thin-film transistor (TFT) 
backplanes for flat panel displays (FPDs) [7-9]. Although the processing of oxide 
semiconductors first started based on high-temperature physical vapour deposition methods 
which were the standard for inorganic semiconductors, research interest in the last few years 
has brought about new chemical routes that now allow the low-temperature deposition of 
oxides on plastic substrates. Therefore, the field of plastic electronics which previously 
referred to electronics based on organic materials (i.e., plastics) has now expanded to include 
inorganic materials as well. The name plastic electronics has evolved to include 
opto/electronic devices based on any kind of materials that can be built on plastic substrates. 
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Figure 1.1. Representations of solution-processed plastic electronics in the foreground and a solid-state 
electronic device in the background [10] – reproduced by permission of The Royal Society of 
Chemistry.  
1.1   Solution-Processable Inorganic Semiconductors 
Nontraditional inorganic semiconductors, particularly metal oxides, have already been 
used as passive elements, i.e., electrical conductors, in many electronic applications. For 
example, indium-doped or fluorine-doped tin oxides (ITO and FTO) are used as transparent 
electrodes in LEDs, flat panel displays, and touch screens or as electron transport layers in 
solar cells along with zinc oxide (ZnO) and titanium dioxide (TiO2) [11]. Not until 1996 was 
the potential of metal oxides as active semiconducting elements demonstrated by Prins et al. 
in their stannic oxide (SnO2) TFTs [12]. Subsequent research effort has led to improved 
performance and device stability of oxide-based electronics and finally to the 
commercialisation of IGZO TFT backplanes as mentioned previously. 
 With the push towards plastic electronics, the deposition methods for metal oxides are 
also being geared towards solution-processing routes. Unlike the conventional 
semiconductors, the chemical nature of metal oxides allows them to be deposited from 
solution. A review article titled “Solution-processable metal oxide semiconductors for thin-
film transistor applications” by Thomas et al. [10] gives an update of the current progress of 
this field. In short, there are currently two main routes to deposit metal oxides from solution: 
nanoparticle-based and precursor-based. The first route includes two distinct steps, i.e., the 
synthesis of metal oxide nanoparticles and the deposition of the nanoparticles onto the 
substrates. This allows for precise control of the quality and size of the oxide nanocrystals 
through various synthesis routes. Also, because the deposition does not involve the chemical 
conversion of the precursor, it can be done at low temperatures compatible with plastic 
substrates. However, device performance has been shown to suffer greatly from voids and 
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high surface roughness of the nanoparticulate films that hinder the charge transport through 
the layer, resulting in electron mobility rarely greater than 1 cm2 V–1 s–1 [10, 13, 14], a number 
which is generally seen as a minimum value for useful applications.  
  Alternatively, the precursor-based route involves chemical reactions that convert the 
precursor into the desired oxides. This typically requires high temperature for the oxidation of 
the metal precursors. For example, Hwang et al. [15] has shown the deposition of amorphous 
IGZO (a-IGZO) films spin-cast from sol-gel solutions of nitrate and acetate metal salts which, 
after being annealed at 300–600 °C, yield TFTs with electron mobility around 6 cm2 V–1 s–1. 
Other similar methods also show similar values of electron mobility [16, 17]. However, to 
produce oxide TFTs which are compatible with plastic substrates, new low-temperature 
chemical routes or processing techniques are required. Some notable examples of such 
methods that have been reported include sol-gel on chip hydrolysis [18], redox-based 
combustion  [19], and deep-ultraviolet (DUV) irradiation [20]. 
 Spray pyrolysis is another solution-processing technique and has been demonstrated 
by Prof. Anthopoulos’s group to be capable of producing high quality oxide films and yielding 
devices with high performance. This method is simple, inexpensive, and versatile, allowing a 
cost-effective deposition of single or mixed precursors (for doping or multi-component films) 
onto large-area substrates. Bashir et al. and Adamopoulos et al. [21, 22] have demonstrated 
ZnO TFTs and Li-doped ZnO TFTs fabricated using spray pyrolysis, with the latter showing 
electron mobility up to 85 cm2 V–1 s–1. Sequential deposition of oxide dielectrics and 
semiconducting layers is also possible [23, 24]. More recently, thin films and n-channel TFTs 
based on Be-doped ZnO, Ga2O3, and In2O3 have also been shown [25-27]. Although high 
quality films need high processing temperatures in the range of 350–400 °C, working devices 
can be obtained at temperatures as low as 200 °C. Table 1.1 summarises the solution-based 
deposition methods for the commonly investigated metal oxides. 
It should be noted that all of the oxide semiconductors mentioned so far are only 
electron-transporting. While unipolar operation is sufficient for applications such as TFT 
backplanes for FPDs, more complex applications would require the CMOS architecture which 
is based on both hole- and electron-transporting (p-type and n-type) semiconductors. CMOS is 
fundamental to integrated circuits (ICs), which are found virtually in all electronic devices 
nowadays, due to the higher noise margin, lower power consumption, and high small-signal 
gains of this architecture. For plastic electronics, large-area ICs for cheap disposable devices 
such as radio-frequency identification (RFID) tags, smart labels, smart packaging, and many 
15 
 
more have been considered but are still awaiting realisation. Concerning the oxides (or 
inorganics in general), one of the biggest hurdles is the lack of p-type species to pair up with 
the n-type. Hole-transporting characteristics are more difficult to obtain even in oxides 
produced from advanced processes such as sputtering or pulsed laser deposition (PLD). It is 
then not surprising that solution-processed p-type inorganic semiconductors are even less 
encountered. This brings us to the main objective of this work – to develop solution-
processable hole-transporting inorganic semiconductors for electronic applications.   
Table 1.1. Solution-based deposition methods for commonly used metal oxides. (Adapted from Ref. 
[10] with permission from The Royal Society of Chemistry.) 
Material Deposition methods Reference 
Semiconductor   
ZnO SP, SC, IJ [21, 28, 29] 
ZnO-np SC [30] 
ZnO-nw SC [31] 
ZTO SC, IJ [32, 33] 
IZO SC [18] 
IZTO SC, IJ [34, 35] 
IGZO SC, IJ [36-38] 
Dielectric   
HfO2 SC, SG [39, 40] 
ZrO2 SP, SC [23, 39] 
Y2O3 SP, SG [24, 41] 
Al2O3 SP, SG [24, 42] 
Conductor   
ITO SC, SP [19, 43] 
FTO SP [43] 
IZO SP [44] 
   
Key to material abbreviations: np = nanoparticle, nw = nanowire, ZTO = zinc tin oxide, IZO = indium zinc 
oxide, IZTO = indium zinc tin oxide, IGZO = indium gallium zinc oxide, ITO = indium tin oxide, FTO = 
fluorine-doped tin oxide.  
Key to deposition method abbreviations: SC = spin coating, IJ = inkjet printing, SP = spray pyrolysis, SG = 
sol-gel deposition. 
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1.2  Scope and Outline 
This research aims to develop hole-transporting inorganic semiconductors using 
solution-processing techniques, specifically spray pyrolysis and spin-coating. Two materials 
are studied: cuprous oxide (Cu2O) and cuprous thiocyanate (CuSCN), the reasons for which 
are discussed hereinafter. Various thin film characterisation techniques are employed to yield 
insights into the properties of the films. The main application for the investigation is the field-
effect transistor (FET), which is used to identify the polarity of the semiconducting films as 
well as to characterise their charge carrier transport properties.  
 Following this introduction, Chapter 2 lays the theoretical foundation for the work. 
The starting point is the semiconductor physics of nontraditional inorganic semiconductors. 
The fundamental problems that restrict the hole transport in metal oxides are discussed. 
Models of carrier transport in non-crystalline semiconductors (to which group Cu2O and 
CuSCN thin films presented here belong) are explained, and the basics of thin-film transistors 
will also be briefly given. Next, a comprehensive review on the current advancement of hole-
transporting inorganic semiconductors can be found in Chapter 3. The methods employed in 
this study are summarised in Chapter 4.  
Chapters 5–7 present and discuss the results of solution-processed hole-transporting 
inorganic semiconductors investigated in this research. Specifically, Chapter 5 describes the 
results of Cu2O thin films and TFTs from spray pyrolysis. Chapter 6 reports on extensive 
characterisations of CuSCN thin films and TFTs. Further applications of CuSCN as a hole-
transporting layer in optoelectronic devices [organic photovoltaics (OPVs) and organic light-
emitting didoes (OLEDs)] are also briefly exhibited. Chapter 7 analyses the semiconducting 
properties, specifically the density of states in the mobility gap and charge carrier transport 
modes, of CuSCN in more details. Summary and outlook are given at the end of each 
experimental chapter. Finally, Chapter 8 concludes the outcome of this research work.  
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Chapter 2  
Theory 
 The properties of oxide or nontraditional inorganic semiconductors are also based on 
the same background of solid-state and semiconductor physics of typical semiconductors, such 
as Si or III–V compounds. However, due to the variations in the components, bonding, and 
crystallinity, the end results can be different. This chapter first briefly describes the 
characteristics of semiconductors that consist of components with significantly different 
electronegativity, i.e., more polar bonding or more ionicity than conventional inorganic 
semiconductors. The roots of the unavailability of hole transport in common oxide 
semiconductors are then identified. Also, because solution-processing often results in films 
with low crystallinity, the topic of charge transport in non-crystalline inorganic materials is 
discussed here. Some theoretical models which have been proposed in literature are presented. 
Finally, some basics of field-effect transistor operation are given towards the end of the 
chapter. 
2.1 Nontraditional Inorganic Semiconductors 
The physics of oxide or other nontraditional crystalline inorganic semiconductors is 
essentially the same as the general semiconductor physics. Electrons (and holes) are described 
as Bloch waves traveling in a three dimensional lattice of the crystal. The basics for this topic 
are well established and can be found in many textbooks, for example, see “Introduction to 
Solid State Physics” by Kittel [45]. The interactions of electrons with the periodic potential of 
the crystal lattice give rise to an electronic structure containing energy bands and gaps which 
is specific to each material and determines its electrical properties. The energy bands can be 
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defined mathematically as a relationship between energy and momentum of the electron  
( E k   relationship or dispersion relation). The movement of a charge carrier in a crystal 
lattice when responding to forces can be approximately summed up with a quantity known as 
the effective mass *m . Using the effective mass, the motion of an electron in a solid can be 
described similar to that in free space but with *m  instead of the free electron rest mass 0m . A 
general expression for the effective mass is a tensor and defined as [45, 46] 
 
 2
* 2
1 1 ,
ij i j
E k
m k k


    (2.1) 
where   is the reduced Planck constant  2h  . For the case of an isotropic crystal, the 
expression can be simplified to [45] 
  
2
* 2 2
1 1 .
d E k
m dk


  (2.2) 
In semiconductors where carrier transport often takes place near the band edges, i.e., the 
valence band maximum (VBM) for holes and the conduction band minimum (CBM) for 
electrons, the E k  dispersion relation and the effective mass near these two regions dominate 
the behaviour of carrier transport. 
2.1.1   Band Structures of Oxide Semiconductors 
As the electronic energy bands are formed by the interactions between the atomic 
orbitals, the constituent elements which form the semiconductors directly affect their 
electronic structures. In metal oxides, the bonding between metal and oxygen atoms leads to a 
significant disparity between electron and hole transport – and most of the time to a unipolar 
transport. For the common metal oxide semiconductors, i.e., indium oxide (In2O3), stannic 
oxide (SnO2), and zinc oxide (ZnO), metal (M) ns and oxygen (O) 2p orbitals contribute to the 
formation of the CBM and VBM, respectively [47]. The partial density of states (PDOS) 
calculated theoretically [47], shown in Figure 2.1, helps illustrate this point. The PDOS of O 
2p states clearly dominates the valence bands (VBs) of these oxides while the conduction 
bands (CBs) are composed primarily of M ns orbitals with some contribution from the O 2p 
states. The hybridisation of M ns states with O 2p states gives rise to a highly dispersive 
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CBM, and, in contrast, the strong O 2p character in the VBs leads to a localising VBM. The 
result is that electrons near the CBM can travel more freely than the holes near the VBM.  
 
Figure 2.1. Electronic band structures of In2O3, SnO2, and ZnO. For the density of states (DOS) plots, 
the thick, dashed, and thin lines refer to metal s, metal p, and oxygen p states, respectively. (Adapted 
from Ref. [47] with permission from John Wiley and Sons.) 
In other words, the electron effective mass *em  in the common oxide semiconductors is 
smaller than the hole effective mass *hm , leading to the predominantly electron transporting or 
n-type characteristics of most metal oxide semiconductors reported to date. Electron mobility 
of these oxide semiconductors can be very high, easily exceeding 10 cm2 V–1 s–1 and now 
breaking through the 100 cm2 V–1 s–1 mark [48, 49]. Reported values of *em  and 
*
hm  of some 
common oxides are given in Table 2.1. Note that the values for p-type oxide/inorganic 
semiconductors are also included here and will be discussed in more details in Chapter 3.  
Another noteworthy property of electron transport in metal oxides is that some oxide 
systems (e.g., IGZO) can retain good electron mobility even in amorphous state. This is in 
contrast to conventional semiconductors. Silicon, for example, has an electron mobility of 
1450 cm2 V–1 s–1 in its single-crystalline state [46], which drops to 100 cm2 V–1 s–1 in 
polycrystalline state [50] and further to 1 cm2 V–1 s–1 in amorphous state [51]. Figure 2.2 
illustrates how disorder affects the conduction pathways in silicon, leading to localised states 
within the energy band gap and consequently reduced mobility (see Section 2.2.1). On the 
other hand, the large and spherical M ns orbitals maintain extended conduction pathways even 
in a disordered state, permitting good electron transport even in non-crystalline phases [6, 52, 
53]. Amorphous IGZO (a-IGZO), for instance, typically displays electron mobility of greater 
than 10 cm2 V–1 s–1 even when processed at low temperatures [53], making it a suitable 
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substitution for the incumbent a-Si technology for large-area electronics. Indeed, the 
commercialisation of a-IGZO is fuelling more research and development into other 
nontraditional inorganic semiconductors. 
 
Figure 2.2. Schematic drawings of the electron-transporting orbitals in crystalline and amorphous 
phases of covalent semiconductors and oxide semiconductors. (Reproduced from Ref. [6] with 
permission from Nature Publishing Group.) 
As mentioned earlier, the lack of hole-transporting metal oxides is restricting more 
useful applications that can otherwise be exploited from oxide semiconductors. Since the 
electronic band structure is an intrinsic characteristic of each material, it is not likely to 
achieve ample hole transport in the electron-transport-favoured oxides (such as In2O3, SnO2, 
ZnO, or IGZO). One of the possible directions is therefore to search for other materials with 
more dispersive VBM. One group which shows such properties and has been in focus in 
recent years is the compounds of Cu(I), such as Cu(I) oxide or cuprous oxide (Cu2O) [54], 
delafossites CuMO2 (M = Al, Ga, or In) [55-58], and oxychalcogenides LaCuOCh (Ch = S, 
Se, or Te) [59, 60]. These Cu(I) compounds share one common feature which is the 
contribution of Cu 3d states near the VBM (compared to the strongly dominant O 2p character 
in n-type oxides) [61], leading to more appreciable hole transporting properties. For the 
delafossites and the oxychalcogenides, there is some mixing of Cu 3d with O 2p for the 
former and with Ch np for the latter [55, 58-60]. Interestingly, the calculated band structure of 
Cu2O shows that the Cu 3d becomes dominant near the VBM while the O 2p lies deeper in the 
VB [61]. As shown in Table 2.1, the hole effective mass of Cu2O is smaller than that of an 
electron. Additionally, the oxide of Cu(II), cupric oxide (CuO), also shows p-type 
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conductivity, and its VBM characteristics are similarly of the O 2p states hybridising with the 
Cu 3d states [62].  
Table 2.1. Electronic properties of common oxide semiconductors. (adapted from Ref. [10] with 
permission from The Royal Society of Chemistry). 
  
Effective massa 
(in units of free electron mass, om )  
 
 Optical band gap (eV) Electron Hole Reference 
n-Type     
ZnO 3.41 * 0 .24em    * 0.8hm     [63] 
   * 5hm     
In2O3 3.38 * 0.3em    n/a [64] 
SnO2 3.50 * 0.30em     * 3.3hm     [65, 66] 
  * 0.23em    
* 2.3hm     
p-Type     
Cu2O 2.17 * 0 .99em    * 0.58lhm    [67] 
   * 0.69hhm     
SnO 2.7b n/a n/a  
CuSCNc 3.9d * 2em     * 0.5lhm     [68] 
   * 2hhm      
  * 1em    
* 0.8lhm     
   * 0.8hhm     
a Key to symbols:   and   denote the direction perpendicular and parallel to the c-axis of the crystal, 
respectively. e, h, lh, and hh refer to electron, hole, light hole, and heavy hole, respectively. 
b The direct optical band gap of SnO  is usually reported between 2.5 and 3.0 eV; however, the actual gap is 
indirect at 0.7 eV [69]. 
c CuSCN is an inorganic, metal pseudohalide compound that shows p-type conductivity. This research 
shows the results of p-type TFTs based on CuSCN and discusses the hole transport in CuSCN thin films. 
Refer to Chapters 6 and 7 for details. 
d The direct optical band gap of CuSCN is 3.9 eV, but theoretical calculation shows that there may be an 
indirect gap at a lower value [68]. Optical transmission measurements (presented in Chapter 6) give a 
possible value of 3.5 eV for an indirect gap.  
Another promising candidate is tin(II) oxide or stannous oxide (SnO), in which Sn 5s 
and O 2p states mixing near the VBM also leads to good p-type conductivity [70]. In recent 
years, TFT applications of Cu2O, CuO, and SnO have been demonstrated, and their solution-
processing methods are being introduced. Although their performance is currently still behind 
the n-type counterparts, there is still a large room for improvement with more research and 
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development effort. A comprehensive review of current status of hole-transporting oxide TFTs 
is presented in Chapter 3.  
In addition, there could be other candidates for hole-transporting oxide/nontraditional 
inorganic semiconductors waiting to be discovered and studied. For example, halides of Cu(I), 
i.e., copper(I) chloride (CuCl), copper(I) bromide (CuBr), and copper(I) iodide (CuI), have all 
exhibited hole transport properties [71-74].  However, the conductivity in copper halides has 
been shown to be mixed between ionic and electronic transport with the former dominating. 
The ionic conductivity is not desired for field-effect applications due to the slow response and 
the screening of the external field by the ionic charge. Therefore, these compounds are not the 
focus of the current research.  
Another closely related compound is the copper(I) thiocyanate (CuSCN), a metal 
pseudohalide, which has also exhibited appreciable hole transport properties and already been 
used as a hole-transporting layer in solar cells [75-78]. According to a study by Jaffe et al. on 
CuSCN [68], the characteristics of the VBM of CuSCN also show prominent Cu 3d character 
with some hybridisation from the 3p orbitals of the sulphur (S). As the hole transport is also 
prevailing in CuSCN, the mixing of metal orbitals at the VBM [Cu 3d for Cu(I) compounds 
and Sn 5s for Sn(II) compounds] is likely one of the requirements for the search for hole-
transporting nontraditional inorganic semiconductors.  The properties of CuSCN are discussed 
in details in Chapter 6. 
2.1.2   Origin of Electrical Conductivity  
Even electronic band structures in some oxides could allow for charge transport, their 
large band gaps prevent the thermal generation of carriers, resulting in very low intrinsic 
carrier density. Not surprisingly, the common perception of oxides is that they should behave 
as insulators – and in their pure forms, they generally are. Nevertheless, some metal oxides 
show electrical conductivity even without any doping. The actual origin of conductivity in 
these oxides is still under debate, but the usual speculated sources are native defects or 
unintentionally incorporated dopants, both of which can create either shallow donor or 
acceptor levels inside the gap and supply the host with mobile carriers.  
In fact, it has been found experimentally that electrical conduction in oxides is 
generally associated with the non-stoichiometry of the systems [79-81]. For example, growing 
n-type oxides (In2O3, SnO2, and ZnO) under metal-rich/oxygen-deficient conditions is found 
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to increase their conductivity. Possible candidates for electron donors in these systems are 
therefore oxygen vacancies (VO) and metal interstitials (Mi). Some calculations show that VO 
should exist as a deep level within the band gap while Mi lies closer to the CBM [82-85], 
suggesting that the former might not be an efficient electron donor although experimental 
results are still needed to confirm this.   
Also of important consideration is the thermodynamic stability of each type of defects. 
Some defects require higher formation energies than others and hence are not favourable. In 
SnO2, both VO and Sni defects have low formation energies and can comfortably co-exist in 
the host lattice due to the multivalence nature of Sn ion (+4 and +2 states) that can 
accommodate well the lattice deformation [82]. The shallow donor Sni can then contribute to 
the conductivity of SnO2. On the other hand, the large formation energies of Ini and Zni make 
them thermodynamically unstable under ambient conditions [83-86]. Other alternatives have 
been proposed, for example, the photoexcitation of VO to create shallow +OV  or 
2+
OV   states 
[84] or unintentionally incorporated dopants such as hydrogen [85, 87].  
Similarly, in p-type metal oxides, the basic native defects responsible for the 
conductivity are presumed to be metal vacancies (VM) or oxygen interstitials (Oi). More 
discussion regarding the possible electron acceptors in Cu2O and CuSCN can be found in 
Chapter 5 and Chapter 6, respectively. However, it should be stressed here that the study on 
the origin of conductivity in wide band gap oxide and inorganic semiconductors is still an 
ongoing investigation.  
In short, wide band gaps do not prevent metal oxides from being conductive, and the 
limiting factor is actually the extent of the formation of suitable defects that could behave as 
shallow donors or acceptors. Also, another important issue is the extrinsic doping. The 
concept and practicality of doping are very crucial as exemplified by the conventional Si or 
III–V semiconductors. Introducing impurities could be favourable as it allows more control 
over the optical and electrical properties of the semiconductors [47]. 
2.1.3   Self-Compensation and Doping Limitation 
One obvious strategy to obtain p-type oxide semiconductors is to dope the available 
oxides with acceptors. However, this route has not been successful due to several issues, one 
of which is the self-compensation – which is the spontaneous formation of defects that can 
cancel out the increase in the number of charge carriers. This can be understood by 
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considering the change in the formation energy of each type of defects when dopants are 
introduced into the system.  
When the number of mobile electrons in the system increases, the Fermi level FE  
shifts towards the CB. Likewise, FE  moves towards the VB when the number of mobile holes 
increases. Theoretical calculations show that the formation energies of defects that contribute 
the opposite charge can simultaneously decrease. For example, Figure 2.3 shows the plots of 
defect formation energies vs FE  relative to the VB in In2O3 and ZnO [84]. The difficulty of p-
type doping is seen as the dramatic decrease of the formation energies of electron donors when 
holes are introduced into the system (i.e., when FE  moves towards VB). As a result, electron 
donors (such as Mi and VO) can readily form to compensate for the introduction of holes.  In 
other words, the shift in FE  from doping brings the system out of thermodynamic 
equilibrium, and up to a certain threshold the system will restore itself by spontaneously 
forming defects that can compensate for the extra carriers. Similarly, n-type doping in In2O3 
and ZnO can also reduce the formation energies of electron acceptors (such as VM and Oi). 
However, the point at which they become sufficiently low is very close to the CB or even lies 
within the CB. Obtaining a significant number of mobile electrons is therefore possible before 
self-compensation starts taking place in these oxide semiconductors. The same principle (but 
in the opposite trend) also holds for p-type oxides such as Cu2O (see Chapter 5).  
 
Figure 2.3. Defect formation energies in In2O3 and ZnO as a function of FE . The transitions between 
different charge states are denoted by dots in the plots [84]. (Reprinted figure with permission from S. 
Lany and A. Zunger, Physical Review Letters, vol. 98, 045501, 2007. Copyright 2007 by the American 
Physical Society. http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.045501) 
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The disproportionate formation energies of defects and self-compensation effect allow 
only one type of mobile carriers to be generated in a metal oxide, and subsequently the type of 
the preferred dopants. In general, an n-type oxide semiconductor only allows n-type doping, 
and vice versa for the p-type. Examples of common doped systems include In2O3:Sn (or ITO), 
SnO2:F or Sb, and ZnO:Al [11]. Doping of p-type oxides has not been successful, however, 
except for the special case of CuInO2 that shows bipolarity and can be doped with both 
electron donors and acceptors [57]. Also, there are controversial reports of p-type doping in 
ZnO using Group I and V elements, but the validity and reproducibility of these experiments 
are still questionable [85]. Only a few reports have shown p-channel TFTs based on ZnO [88-
91], and their characteristics are poor. More discussion on the doping of ZnO can be found in 
a review article by McCluskey and Jokela [85]. 
In summary, achieving appreciable hole transport in common oxide semiconductors, 
which are predominantly n-type, is not trivial. The electronic band structures do not favour 
hole transport due to the localising O 2p character near their VBM. Furthermore, introducing 
mobile holes into the systems is strongly opposed by the self-compensation effect which 
spontaneously creates defects of the electron donor type. One direction to obtain hole-
transporting oxide/nontraditional inorganic semiconductors is to identify and develop other 
materials as presented in this thesis. 
2.2 Charge Transport in Non-Crystalline Semiconductors 
Thin films produced from solution-processing methods generally contain significant 
portions of disorder with morphology ranging from polycrystalline to micro- or nano-
crystalline to amorphous. This is also the case for the materials encountered in this research. 
Since the foundation of charge carrier transport in solids is built upon the crystal structure, 
non-crystallinity has direct effects on the carrier transport phenomena. To the relatively new 
field of plastic electronics, the study on charge transport in disordered materials might also 
appear relatively recent with theories first introduced not too long ago and still being 
developed. In fact, disordered materials have been known for over 50 years, and their 
understanding, albeit still incomplete, is rather established. The study was first sparked by the 
discovery of semiconducting glasses, e.g., amorphous selenium (a-Se) and other chalcogenide 
glasses, in the 1960s and 1970s and later fuelled by the development of amorphous silicon (a-
Si), particularly amorphous hydrogenated silicon (a-Si:H), in the 1970s [92]. a-Si:H has since 
become a well-known material and used in many electronic applications, such as TFTs for 
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FPD backplanes and thin-film solar cells [93]. As a result, the topic of carrier transport in 
disordered non-crystalline solids has been intensively studied. For this research, we some core 
parts are used to explain the transport phenomena of the materials being studied. This section 
aims to provide the necessary groundwork for doing so and first begins by briefly describing 
the standard carrier transport in crystalline inorganic semiconductors which should provide the 
foundation for the discussion of transport in disordered materials. 
For crystalline solids, their electronic structures are well defined as mentioned briefly 
in the previous section, and electron transport can be described as wave transport [45, 46]. At 
low electric fields, the drift velocity dv  is related to the electric field strength F  through a 
quantity defined as the carrier mobility   according to [45] 
 .dv F   (2.3) 
The movement of charge carriers in crystalline solids is limited by scattering events with the 
two important ones being the lattice scattering and ionised impurity scattering. The carrier 
mobility is then related to the mean free time between scattering events s  via [45] 
 * ,
sq
m

    (2.4) 
where *m  is the effective mass as discussed in the previous chapter and q  is the electronic 
charge. It is evident here that the lower the effective mass the higher the carrier mobility, and 
hence the better carrier transport.  
One method commonly used to identify the type of carrier transport is to study the 
temperature dependence of the mobility. For intrinsic materials with low impurity 
concentrations, the main mechanism that limits the mobility is the lattice scattering (i.e., 
phonon scattering), and the mobility varies with temperature as [46] 
 3/2 .T    (2.5) 
Note that in reality the exponent can be different from 1.5  due to other scattering 
mechanisms; however, the signature of band transport is indeed the decreasing mobility with 
increasing temperature. For crystalline materials with higher impurity concentrations, the 
lattice scattering still dominates at high temperatures, and the temperature dependence of the 
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mobility in such regime still follows Eq. (2.5). However, at low temperatures the impurity 
scattering becomes dominant, and the temperature dependence becomes [46] 
 3/2.T    (2.6) 
 To completely describe the electronic structure, another important quantity is the 
density of states g , which quantifies the number of energy states per unit energy per unit 
spatial volume (in eV–1 cm–3). As described later in this section, the density of states of non-
crystalline semiconductors differs from those of crystalline counterparts, and this variation 
leads to different carrier transport mechanisms. For a general band transport process which 
occurs near the band extrema (VBM or CBM), the density of states (DOS) can be 
approximated based on the assumption of a parabolic E k  relationship as [45] 
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for states above and near the CBM and by [45] 
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for states below and near the VBM, where *em  and 
*
hm  are the effective masses of electrons 
and holes and CE  and VE  are the energy levels of the conduction band and valence band edges 
(CBM and VBM), respectively. Electrons occupy the available states as governed by the 
Fermi-Dirac statistics which is [46] 
    
1 ,
1 exp F
f E
E E kT

   
  (2.9) 
where FE  is the Fermi level, k  is the Boltzmann constant, and T  is the temperature. 
The density of states and the occupancy allow the calculation of the number of 
carriers, or carrier density (in cm–3) from [46] 
    
CE
n g E f E dE

    (2.10) 
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for electrons and [46] 
    1
VE
p g E f E dE

      (2.11) 
for holes. Finally, the electrical conductivity can be found from [46] 
  ,e hq n p      (2.12) 
where e  and h  are electron and hole mobilities, respectively. 
2.2.1 Localised States, Mobility Edge, and Mobility Gap in  
Non-Crystalline Semiconductors 
The constant lattice parameters in crystalline materials lead to the extended or band 
states of carriers and a well-defined band structure with sharp edges and a distinct forbidden 
energy gap. On the other hand, the disorder [e.g., variations in bond lengths and bond angles, 
lattice vibrations (thermal disorder), impurities, defects, and other deviations from the perfect 
periodicity of the lattice] alter these features and create localised states (through Anderson 
localisation [94]) beyond the bands within the band gap [92]. In contrast to the band states in 
which the wave function of an electron extends spatially over the whole volume of the crystal, 
localised states refer to states in which the wave function decays exponentially away from 
some localisation point [95]. Although localised states can also be found in crystalline 
materials due to, e.g., impurity states and structural defects, these states usually present as δ-
like discrete energy levels within the energy gap, and carrier transport still proceeds via the 
band states. The localised states in non-crystalline materials, however, form a continuous 
spectrum inside the energy gap – hence the term energy gap for disordered solids becomes 
effectively invalid. This region in the electronic structure of non-crystalline materials is 
usually referred to as the mobility gap, which is discussed hereafter. 
Despite the strong structural disorder in non-crystalline materials, short-range order 
can still exist, and electronic energy spectrum still preserves some characteristics of the band 
spectrum of the crystalline materials [95], i.e., the band states can co-exist with the localised 
states. The band states in non-crystalline materials are typically called the extended states, 
and, for the commonly accepted model, they are separated from the localised states by 
mobility edges. In some transport models, the term mobility edge signifies that carriers in the 
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extended states are mobile while those in the localised states are immobile. However, this 
distinction only applies to the mode of band transport, i.e., carriers in the extended states can 
travel as waves while those in the localised states cannot. The localised carriers can in fact still 
travel via a mechanism known as hopping between localised states (see next section).  
 
Figure 2.4. Schematic of density of states in a non-crystalline semiconductor. (Adapted from Ref. [92] 
with permission from John Wiley and Sons.) 
Compared to the crystalline solids, the conduction band edge (or CBM) becomes the 
electron mobility edge in disordered materials. Above this energy level are the extended states, 
and below are the localised states. Likewise, the valence band edge (or VBM) becomes the 
hole mobility edge, below which lie the extended states and above the localised states. It 
should be noted however that the terms band edge and mobility edge are generally used 
interchangeably in the discussion of carrier transport.  The region between the two mobility 
edges where the localised states exist is called the mobility gap [92, 96, 97]. Figure 2.4 shows 
a schematic density of states of a non-crystalline semiconductor. Also, the localised states near 
the mobility edges are sometimes called band tails or tail states while those further away from 
the edges are called deep states [92, 98]. 
2.2.2 Energy Spectrum of Localised States 
Many experiments have confirmed the existence of the tails of localised states above 
and below the valence and conduction band edges, the majority of which also point towards an 
exponential form for the distribution of the density of these states (i.e., the energy spectra of 
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the localised states). The first evidence of these tail states is from the broadening of the optical 
absorption spectra, the so-called Urbach tail [99-101]. Such feature is also observed in 
crystalline materials and is theorised to be a result of thermal disorder, i.e., the dynamically 
fluctuating potentials due to thermal vibrations of the lattice [102]. For disordered solids, the 
Urbach tail is universal and more pronounced due to the presence of both thermal disorder and 
structural disorder [103] (see Figure 2.5). Absorption spectra of non-crystalline 
semiconductors, e.g., the extensively studied a-Si, commonly exhibit an exponential portion at 
energies below the theoretical absorption edge [100, 103], leading to the assumption of an 
exponential tail extending from the band edge. 
 
Figure 2.5. Optical absorption spectra of a-Si:H exhibiting the Urbach tails. The closed symbols denote 
data from an as-prepared film measured at different temperatures, showing the effects of thermal 
disorder. The open symbols refer to data measured at 293 K of the same film annealed at different 
temperatures (to incorporate hydrogen into the film), showing the effects of structural disorder [103]. 
(Reprinted figure with permission from G. D. Cody et al., Physical Review Letters, vol. 47, p. 1480, 
1981. Copyright 1981 by the American Physical Society. http://journals.aps.org/prl/abstract/10.1103/ 
PhysRevLett.47.1480) 
However, only the information from the optical absorption measurement is not 
sufficient to confirm the functional form of the DOS of the localised states because the 
absorption coefficient   is a convolution of the valence and conduction band and tail states as 
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well as the dipole transition matrix [104, 105]. A method generally used to determine the 
energy spectra of valence electrons in a solid is the ultraviolet photoelectron spectroscopy 
(UPS), but since the tail states are rapidly vanishing beyond the band edge, the sensitivity of 
the measurement might be an issue. Alternatively, Griep and Ley have introduced the total-
yield photoelectron spectroscopy (TYPS) to determine the tail states of a-Si:H [106].  
The TYPS method works on the same principle as the photoelectron spectroscopy, but 
instead of measuring the energy spectrum of electrons released by a monochromatic light 
source, the TYPS collects all of the emitted electrons regardless of their kinetic energy while 
varying the energy of the incident light, allowing high signal-to-noise ratio and hence the 
study of the tail states [104, 106]. The spectrum from TYPS holds a close relationship with the 
spectrum from the optical absorption measurement; the major difference is the final state of 
the electronic transition. While the absorption spectrum maps out the transition from the 
valence states to the conduction states, the TYPS collects the transitions from the valence 
states to the vacuum level. By approximating or averaging the dipole transition matrix, the 
energy spectrum of the localised states above the valence band can be determined. An 
example of the localised states DOS of a-Si:H extracted from a TYPS spectrum is shown in 
Figure 2.6. An exponential tail beyond the band edge is clearly evident as well as a shoulder 
deeper in the gap in this case due to surface states [104]. 
 
Figure 2.6. Density of states in the mobility gap of a-Si:H obtained from its TYPS spectrum [107]. 
(Reprinted figure with permission from K. Winer, I. Hirabayashi, and L. Ley, Physical Review Letters, 
vol. 60, p. 2697, 1988. Copyright 1988 by the American Physical Society. http://journals.aps.org/prl/ 
abstract/10.1103/PhysRevLett.60.2697) 
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Since the TYPS measures the occupied electronic states, the tail states near the valence 
band can be inferred from the result directly by dividing the spectra with the Fermi-Dirac 
occupancy. The result should appear very similar to the raw spectra except around the 
proximity of FE  where the occupancy is not equal to 0 or 1 at finite temperatures. For the tail 
states near the conduction band, however, the situation is less obvious. It is possible to deduce 
the DOS of the localised states below the conduction band if FE  lies close to the conduction 
band edge, i.e., in an n-type sample. This is because states below FE  are occupied, and the 
closer FE  is to the conduction band, the wider the energy range of the localised DOS in the 
gap that TYPS can probe. Also, at finite temperatures, some states above FE  are also 
occupied, extending the measurement range further. Winer et al. [107] and Aljishi et al. [108] 
have exploited this feature and obtained the total DOS of the localised states within the 
mobility gap of phosphorus-doped (n-type) a-Si:H, as shown in Figure 2.6. It can be observed 
that the tail of the conduction band also exhibits an exponential form. Moreover, the results 
show that the distribution width of the valence band tail is usually greater than that of the 
conduction band tail in undoped or slightly-doped a-Si:H samples at low and moderate 
temperatures [108]. This might be influenced by the different symmetry character between the 
valence and conduction states. For a-Si:H, the p-like character of the valence states is 
conceivably more prone to disorder, e.g., bond angle disorder, compared to the s-like character 
of the conduction states [93]. Similar relationship might be expected for other semiconductors 
as well.  
One drawback of the TYPS method is that, because it is based on the UPS technique, 
the measurement is surface sensitive. For example, the probe depth in a-Si:H using an incident 
light with energy between ~4 eV and ~6 eV is approximately 2.5 to 10 nm [104, 107].  If there 
are significant amount of surface states, the true forms of the band tails might be masked out 
[104]. Alternatively, the DOS of the band tails can also be inferred from an analysis of the 
transient response of a non-crystalline semiconductor to pulsed photo-excitation. This can be 
done by either studying the transient photoconductivity (TPC) using a time-of-flight (TOF) 
measurement or the photo-induced absorption (PA) spectrum using a time-resolved optical 
absorption measurement. 
The TOF-TPC is one method used to determine the drift mobility of carriers in 
crystalline solids. Upon an excitation by a pulse of light, a packet of photogenerated carriers 
travel across the length L  of a sample under an applied electric field F . The carrier packet 
can be described by a Gaussian curve, and its average position is a linear function of time (i.e., 
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having a constant velocity) as shown schematically in Figure 2.7(a). This type of transit, 
called Gaussian transport, has a well-defined transit time tr  which can be obtained from the 
plot of current vs time [92]. The inset in Figure 2.7(a) shows a typical current vs time plot of a 
crystalline solid which features a plateau followed by a cutoff corresponding to the time when 
the carriers leave the sample (i.e., the transit time).  
 
Figure 2.7. Spatial distribution of a carrier packet at various time intervals after photogeneration of (a) 
Gaussian transport and (b) dispersive transport. The insets show the plots of current vs time which are 
used to interpret the type of transport [109]. (Reprinted figure with permission from G. Pfister and H. 
Scher, Physical Review B, vol. 15, p. 2062, 1977. Copyright 1977 by the American Physical Society. 
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.15.2062) 
On the other hand, a disordered solid would yield a plot which shows the current 
continuously (and shapelessly) decreasing with time. The functional forms can only be 
observed if the result is plotted in a double logarithmic scale as shown in the inset of Figure 
2.7(b). An analysis shows that this behaviour is suggestive of a wide dispersion of transit 
times, hence the name dispersive transport [92, 109-112]. Figure 2.7(b) displays the evolution 
of the carrier packet with time. An important feature of this type of transport is that the 
average position of the carriers x  varies with time as x t , where the exponent   is 
between 0 and 1 and is a function of temperature. The time decay of the current I  can also 
described with the power law,  
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The discussion regarding the underlying mechanism which leads to the dispersive transport 
(presented in the next section in more details) generally points towards an exponential 
distribution of tail states. Also, this method is applicable to both conduction band and valence 
band tail states depending on the type of the semiconductor, and results show that both have 
the same functional form. Furthermore, a similar conclusion can also be drawn from the study 
of photo-induced absorption spectra [110]. In short, the transient response of disordered 
semiconductors to photo-excitation provides further evidence to support the exponential form 
of the tail states DOS. 
 From a theoretical point of view, it is not clear however why the tail states should 
display an exponential distribution. The theoretical treatment of disorder generally proceeds 
by adding a random, i.e., Gaussian, probability to the potential term in the starting 
Schrödinger equation for the electronic states, and one might simply expect a Gaussian 
distribution of the localised states. Nevertheless, as discussed above, experimental results have 
consistently and universally yielded the exponential localised states DOS for non-crystalline 
solids. John et al. [105, 113] and Sritrakool et al. [114] have offered an explanation based on 
the comparative scale of the electron’s de Broglie wavelength   (which is related to the 
energy of the electron E ) and the correlation length L  of the fluctuating potential. Their 
results show that the DOS of localised states is of the form 
   exp ,
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Eg E
E
 
  
 
  (2.14) 
where tE  is the characteristic width of the distribution. The exponent n  can have different 
values depending on   and L . The Gaussian distribution, which corresponds to 2n  , is 
found when the correlation length is much larger than the de Broglie wavelength ( L   ). 
An example of this case is the long-range potential of impurities, which might exist as a deep 
tail. On the other end of the scale, when the correlation length is significantly shorter than the 
de Broglie wavelength ( L   ), n  becomes 1 2 . This is the Halperin-Lax [115] limit and 
possibly related to the tail states very close to the band edge. In between the two limits, which 
is the major portion of the tail states and also associated with the most physically reasonable 
range of L  and  , n  is indeed found to be equal to 1, satisfying the exponential form 
observed from the experiments. 
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Figure 2.8. Spatial characters of eigenstates in a-Si with energies ranging from mid-gap (a) to close to 
the mobility edge (f). It can be seen that the spatial extent evolves from a highly localised state (a) to a 
significantly extended state as the energy moves towards the mobility edge (above which lie the fully 
extended states). The colours of the atoms denote the fractional charge: >1/16 (black), >1/64 (red), 
>1/256 (yellow), >1/1024 (green), and < 1/1024 (white) [116]. (Reprinted figure with permission from 
J. Dong and D. A. Drabold, Physical Review Letters, vol. 80, p. 1928, 1998. Copyright 1998 by the 
American Physical Society. http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.1928) 
In addition, computer simulations of a-Si provide more support for the existence of 
exponential tail states [116, 117]. The computed DOS shows an exponential form beyond the 
band edges, and the width of the valence band tail is also found to be wider than that of the 
conduction band tail, agreeing with the experimental results discussed previously. The work 
by Dong and Drabold [116] also shows an interesting visualisation of electronic states in a-Si 
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from highly localised states deep in the tail to fairly extended states closer to the band edge, as 
displayed in Figure 2.8. The authors present that the wave function of an electron with energy 
deep in the gap is spatially confined to a small cluster of atoms in the vicinity of a major 
structural distortion, i.e., when the bond angles severely deviate from tetrahedral angles 
[Figure 2.8(a)]. As severe distortions are rare, electrons in such states are isolated and highly 
localised. Less severe distortions have higher probability of occurrence, corresponding to 
larger cluster size and energy shallower in the tail. Also, these states have more chances to 
find other clusters of similar energy in the proximity, mixing the states together and forming 
an extended cluster [Figure 2.8(b) to (e)]. The mixing and the size of the cluster increase for 
states with energy closer to the band edge, and at some point the state becomes extended with 
electronic connectivity [Figure 2.8(f)]. 
This section summarises the quest to identify the functional form of the DOS of tail 
states in non-crystalline semiconductors. Experimental results as well as computer simulations 
have revealed that the distribution of the band tails follows an exponential function. A 
theoretical explanation has been offered based on the correlation length of the potential 
fluctuation. The discussion here should provide the basis for what to be expected from the 
materials studied in this research. The method employed here to obtain the DOS of the tail 
states is however different from what presented in this section and is based on an analysis of 
the subthreshold region of a transistor transfer curve. As the transistor is the main application 
used to investigate the performance of the semiconductors in this work, this method is directly 
applicable. The basics of the transistor operation are described in Section 2.3 while the DOS 
extraction method is presented in Section 4.4. 
2.2.3  Carrier Transport Modes and Transport Energy 
As discussed above, the Urbach tails observed in the optical absorption measurements 
and the tails of the energy spectra obtained from the TYPS experiments strongly present that 
there is a distribution of states beyond the band edges within the energy gap of non-crystalline 
semiconductors and suggest that such a distribution is of an exponential form. These so-called 
band tails also hold the key to the understanding of the dispersive transport seen in the TOF-
TPC measurements.  
The decay of the current and the power law of its time dependence [Eq. (2.13)], which 
is the signature of dispersive transport, can be explained based on the energy relaxation (or 
thermalisation) of the photo-excited carriers into the band tails [111, 118]. Consider a DOS of 
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conduction band localised states which decreases rapidly away from the band edge ( 0CE   in 
this case), as shown in Figure 2.9(a). After the light pulse and assuming a constant capture 
cross-section, the states below CE  are first uniformly populated by the excited carriers. With 
passing time, carriers trapped in the shallow states are released back to the extended states 
while the trapping process remains random. This results in a redistribution of carriers into 
deeper states (thermalisation), as demonstrated by the movement of carrier packet with time t  
in Figure 2.9(b). The releasing and re-trapping of carriers by the localised states are the basis 
for the multiple trapping and release (MTR) model [111, 118], which has generally been used 
to explain the carrier transport in non-crystalline semiconductors.  
 
Figure 2.9. (a) Density of states and (b) carrier distribution profile. The thermalisation of the carrier 
packet, i.e., the packet moving deeper into the tail with the increasing time, can be seen in (b). dE  is 
the demarcation energy. (Reproduced from Ref. [92] with permission from John Wiley and Sons. 
Figure is also originally adapted from Ref. [111] with permission from Elsevier.) 
2.2.3.1 Multiple Trapping and Release Model 
According to this model, there is an energy level, called the demarcation energy dE , 
below which the occupation probability remains uniform and above which states are in 
thermal equilibrium with CE . The demarcation energy is associated with an energy at which 
the trap release time  re E  is equal to the time delay after the light pulse t  according to the 
equation  
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      0ln ,d C dE t E E t kT t     (2.15) 
where 0  is the attempt to escape rate, which is usually assumed to be equal to the phonon 
frequency (of order 12 1310 10  s–1). For a rapidly decreasing DOS of tail states, most of the 
carriers occupy energy states close to dE . The carrier packet and dE  move deeper into the tail 
states with increasing time as shown in Figure 2.9(b).  
The MTR model also follows the mobility edge assumption, i.e., only the carriers in 
the extended states are mobile while those in the localised states or tail states are immobile 
(effectively neglecting the hopping transitions of carriers between localised states). In this 
case, the time-dependent current  I t  is proportional to the fraction of carriers residing in the 
extended states  n t  , which can be approximated by [111] 
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where N  is the total concentration of photo-excited carriers. Substituting  dE t  with Eq. 
(2.15) gives  
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If the functional form of  g E  is an exponential as inferred from experimental results, i.e.,  
    exp ,t C tg E g E E kT       (2.18) 
 where tT  is the characteristic temperature of the exponential distribution and related to the 
characteristic energy width in Eq. (2.14) through t tE kT , then Eq. (2.17) becomes  
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which has the same time dependence as Eq. (2.13) with   now found to be 
 .
t
T
T
    (2.20) 
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 This derivation gives more support for the exponential distribution of localised states 
as well as yields a physical interpretation of the power law exponent  . The temperature 
dependence of  as in Eq. (2.20) has been used to verify the success of the MTR model in 
explaining the dispersive transport in many non-crystalline inorganic semiconductors [92]. 
This linear relationship however breaks down at low temperatures, e.g., below 200 K for a-
As2Se3 and a-Si:H; the photocurrent in such temperature regime decays faster than predicted 
by the power law [119, 120]. Monroe [120] and Grünewald et al. [121] have offered an 
explanation for such behaviour based on a pure hopping model instead of the MTR model. 
2.2.3.2 Variable-Range Hopping Model 
 Specifically, the model used to describe this phenomenon is the variable-range 
hopping (VRH) model, which is described hereinafter briefly. For a carrier to hop from an 
initial state i  to a final state j  (using the scale in Figure 2.9 where the energy increases away 
from the band edge), the hopping rate is defined as  
    0 exp 2 expij ij i jR E E kT           (2.21) 
for an upward hop ( j iE E  or the final state is closer to the band edge) and  
  0 exp 2ij ijR      (2.22) 
 for a downward hop ( j iE E  or the final state is further away from the band edge). The 
parameter 0  is the attempt-to-hop frequency and again on the order of the phonon frequency, 
  the inverse of the decay length of the wave function (sometimes called the inverse 
localisation length), ijR  the distance between the initial and final states. It can be seen that the 
downward hop only depends on the spatial term while the upward hop also has the 
temperature activation term. 
 Due to the exponential distribution of the tail states, shallower states have more 
neighbours than the deeper states which are more isolated. Shortly after the photo-excitation in 
the TOF-TPC experiment, carriers occupy these shallow states (whose DOS is high), and 
thermalisation proceeds quickly as dominated by the hopping-down process. As the 
occupancy moves deeper into the tail, the rate of the downward hops slows down and, after 
the segregation time seg  given by [120]  
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  10 exp 3 ,seg tT T     (2.23) 
reaches a quasi-equilibrium state with the hopping-up process, which yields the same power 
law for the exponent   as the MTR model. Since seg  is inversely proportional to 
temperature, at high temperatures seg  can be shorter than the experimental time scale, and the 
detected photocurrent already enters the steady state. As the temperature decreases, seg  
becomes longer, and the dominance of the hopping-down process (which is faster) becomes 
observable, resulting in the photocurrent decaying more rapidly. 
 Further scrutiny of the VRH transport reveals some similarity with the MTR and 
offers a way to reconcile the two models through the concept of transport energy TRE  [120, 
122, 123]. It can be shown that for an exponential tail states distribution there exists a 
particular energy level which, as a final state of a hop, maximises the hopping rate 
independently of the initial state of the carrier [92]. In an exponential DOS, shallow states 
have more probability of hopping down while deeper states which lack neighbours in their 
vicinity due to the low DOS have more probability of hopping upward. The TRE  is therefore 
the level with the highest probability of arrival for both types of hops. Figure 2.10 shows a 
schematic depicting the hopping around TRE .  
 
Figure 2.10. Schematic of an exponential DOS (left) along with the hopping path (right) via the 
transport energy TRE . (Reproduced from Ref. [92] with permission from John Wiley and Sons.) 
If the exponential tail distribution [Eq. (2.18)] is re-stated as a more general form of  
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where tN  is the number of states per unit volume, then TRE  can be expressed as  
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  (2.25) 
 where C  is some constant. It should be noted that the exact expression of TRE  differs 
according to how the derivation is set up mathematically [120, 122, 123]. One general feature 
is the two ratios in the logarithm which show the dependence of TRE  on the energetic and 
spatial domains – also the basics of the hopping rate in the VRH model. The energetic term 
 tT T  is a ratio of the characteristic temperature (~energy) of the localised states distribution 
to the lattice temperature (~energy). The spatial term  1/3tN  is a ratio of the average 
distance between localised states   11/3tN
  over the decay length of the wave function   1  . 
TRE  lies closer to the band edge when  tT T  is small and/or  1/3tN  is large, i.e., when the 
temperature is high and/or when the overlapping of the localised wave functions is small, 
corresponding to the case where the hopping-up process is dominant. On the other hand, TRE  
moves deeper into the tail when  tT T  is large and/or  1/3tN  is small. This is associated 
with the situation when the temperature is low and/or the localised wave function overlap is 
large, i.e., when the hopping-down process dominates. 
 With the concept of TRE , the carrier transport of the VRH mode can be combined with 
the MTR. At temperatures higher than some critical temperature cT , TRE  merges with the 
mobility edge, and carrier transport follows the framework of MTR. In this case, the hopping 
exchange between localised states is overshadowed by the thermal activation to the mobility 
edge. On the other hand, at lower temperatures, the thermal activation is less efficient, and 
transport proceeds through the hopping between states around the vicinity of TRE . The latter 
case is still analogous to the MTR model, but carriers are activated to TRE  instead of the 
mobility edge. 
 It should also be noted that there are other mechanisms of hopping often found in 
literature, in particular the Mott’s VRH and the nearest-neighbour hopping (NNH) [92]. Both 
hopping mechanisms only apply to specific cases and not to the electronic structure consisting 
of extended states with an exponential tail, which is the general case for non-crystalline 
inorganic semiconductors discussed here. Specifically, Mott’s VRH is the case of a uniform 
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DOS of the localised states while the NNH is applicable to the case of high temperature 
transport of a system with very strong localisation where hopping is the only mechanism of 
carrier motion [92].  
For non-crystalline semiconductors, the MTR and VRH transport modes can be 
observed experimentally by studying the temperature dependence of conductivity or carrier 
mobility [124-126]; the two regimes show similar thermal activation behaviour but with 
different activation energies. In this thesis, the temperature dependence of mobility 
(specifically, the field-effect mobility FE ) is employed for the study of carrier transport. FE  
is the main figure-of-merit for the performance metrics of the transistor which provides the 
platform for studying the hole-transporting semiconductors developed in this research.  
2.2.4  Temperature Dependence of Carrier Mobility 
The MTR transport model puts forward that only carriers in the extended states can 
transport the charge. However, experimental results show that carrier mobility is typically 
smaller than the expected value of band transport and is thermally activated [98, 118, 124-
126] instead of following the behaviour described by Eq. (2.5) or (2.6). This can be 
understood by noting that carrier mobility is usually not measured directly but calculated from 
other measureable quantities, such as electrical current in the case of a transistor (see next 
section). Since the current not only depends on carrier mobility but also on the number of 
carriers (expressed as carrier concentration), it is the latter that gives rise to the temperature 
activation of FE  from [98, 118, 127] 
 ,mobileFE h
G
p
p
    (2.26) 
where h  is the physical mobility of carriers (holes in this case), mobilep  is the mobile hole 
centration in the extended states, and Gp  is the total hole concentration induced by the gate 
field.  
The carrier concentration ratio on the right hand side of Eq. (2.26) is a consequence of 
the presence of the tail states; some of the carriers induced by the gate field are trapped in the 
tail states (assumed immobile in the MTR model), and only a fraction mobile Gp p can 
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contribute to charge transport. This ratio carries the thermal activation term, and the generic 
temperature dependence expression of FE  is  
 0 exp ,aFE
E
kT
     
 
  (2.27) 
where 0  is the mobility prefactor and aE  is the activation energy. The definition of 0  
depends on the exact mathematical description of the MTR model but generally contains the 
physical mobility and the ratio between the effective density of the extended states and the 
density of the localised states [98, 118, 125, 127]. aE  is related to the energetic distance 
between the mobility edge and the maximum of the carrier distribution profile in the tail states 
(the demarcation energy, see Figure 2.9). 
 For the VRH transport regime, the transport energy allows the hopping transport to be 
expressed mathematically similar to the MTR framework. This also applies to the temperature 
dependence of carrier mobility, which follows Eq. (2.27). Experimental results also show 
temperature activation of carrier mobility in the VRH regime, but in this case the activation 
energy is on the order of the characteristic energy ( tE  or tkT ) of the localised states [122]. 
2.3     Thin-Film Transistors 
As mentioned earlier, the performance of the semiconductors developed in this work is 
assessed based on the thin-film transistor (TFT) application. The TFT has been one of the 
drivers of the advancement in non-crystalline semiconductors as well as the more recent field 
of plastic electronics. Not only are the TFTs technologically important as building blocks for 
large-area electronics, e.g., the backplanes for FPDs or circuits for the envisaged ubiquitous 
electronics, they can also serve as a platform to test electrical and electronic characteristics of 
semiconducting materials. The analysis of TFT measurements can yield insightful information 
of the properties of the semiconductors, such as polarity (n- or p-type), charge carrier mobility, 
and DOS of the tail states, to name a few. Carrying out the measurements at different 
temperatures also enables the study of carrier transport mechanisms. This section aims to 
provide the essential fundamentals for the understanding of the TFT operation and the 
extraction of performance metrics from the TFT characteristics. Please note however that the 
discussion shall be kept qualitative, and only relevant equations shall be presented here. The 
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topic is rather standard and can be studied in more details from many textbooks, for example 
see Refs. [46, 128]. 
The basic operating principle of a TFT is based on that of the metal-insulator-
semiconductor field-effect transistor (MISFET). Both are three-terminal devices, comprising 
of three metal contacts: the source (S), drain (D), and gate (G) contacts. An active 
semiconducting material connects the source and drain, forming a simple resistor. The third 
terminal, the gate contact, is placed adjacent to the semiconductor separated by a layer of an 
insulating dielectric. By applying a voltage to the gate contact, an electric field builds up 
across the dielectric and attracts charges of the opposite sign in the immediate vicinity of the 
semiconductor, forming a channel. With this field effect, the gate voltage can be used to 
manipulate the conductivity of the channel over many orders of magnitude, and the 
interactions between the gate field and the drain-source field create the unique nonlinear 
characteristics of the field-effect transistors (FETs).  
The major difference between a TFT and a MISFET is their physical structure. The 
most common example of a MISFET structure is a silicon MISFET with the native oxide SiO2 
as an insulator (hence called a metal-oxide-semiconductor FET, MOSFET). Si MOSFETs are 
built on high purity single-crystalline Si substrates (Si wafers). S/D contacts can be made 
directly into the substrate by heavily doping unmasked regions using methods such as ion 
implantation. The undoped region connecting the S/D is where the semiconducting channel 
forms. The oxide layer is grown on top before depositing the gate contact to complete the 
structure. On the other hand, TFTs are fabricated by depositing thin films of all the 
components (semiconductor, dielectric, and metal/conductor) onto substrates which are 
typically insulating, such as glass or plastic. Widely used deposition methods include thermal 
evaporation, plasma-enhanced chemical vapour deposition (PECVD), sputtering, and solution-
based processes such as spin-coating, various printing techniques, and spray pyrolysis. 
Different sequences of depositing the components also allow different types of TFT 
architectures. 
2.3.1 Thin-Film Transistor Architectures 
Different architectures of TFTs are categorised by the relative positions between the 
semiconductor, gate, and source/drain contacts. In a typical TFT, the gate can either lie 
beneath or on top of the semiconducting layer, and the resulting structure can be either 
bottom-gate or top-gate, respectively. Furthermore, if the S/D contacts are on the same side as 
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the gate, such a structure is called coplanar; if the S/D contacts are on the opposite side to the 
gate, this is a staggered structure. As a result, there are four possible combinations for simple 
TFT architectures (Figure 2.11): 
 staggered top-gate or top-gate bottom-contact (TG-BC) 
 coplanar top-gate or top-gate top-contact (TG-TC) 
 staggered bottom-gate or bottom-gate top-contact (BG-TC) 
 coplanar bottom-gate or bottom-gate bottom-contact (BG-BC) 
 
Figure 2.11. Four common TFT architectures: (a) TG-BC, (b) TG-TC, (c) BG-TC, and (d) BG-BC [10] 
–  reproduced by permission of The Royal Society of Chemistry. 
The choice of which geometry to employ is usually dictated by the compatibility of the 
materials during the depositions. For solution-processing methods, some important 
considerations include the orthogonality of the solvents of solution-based materials, surface 
energy of the underlying layer that could lead to wetting or dewetting, and 
processing/annealing temperature of each layer. The morphology of the underlying layer also 
influences the quality of the films deposited on top. The most critical point is the 
dielectric/semiconductor interface which is where the channel of a TFT forms and transports 
the carriers. For example, an untreated SiO2 surface in a bottom-gate structure usually leads to 
a significant number of trap sites that greatly degrade the performance of the transistor. One 
common method to mitigate the problem is to passivate SiO2 with self-assembled monolayers 
(SAMs). However, the surface energy is also affected and can become so low that leads to 
dewetting when depositing the semiconductor on top.  
There is also a fundamental difference between the coplanar and staggered geometries 
in terms of contact resistance. In a coplanar structure, carriers are injected from the source 
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contact directly into the channel, and there is a sudden potential drop at the source/channel 
interface which leads to high contact resistance. On the other hand, the potential profile in the 
channel of a staggered structure does not involve such discontinuity, and hence a lower 
contact resistance. Although carriers have to travel some vertical distance from the source to 
the channel in this case, the bulk resistance in this case is negligible. This is because the 
thickness of the film (i.e., vertical distance) is typically much smaller than the length of the 
channel over which the potential is applied. A paper by Kim et al. [129] shows computer 
simulations of the potential and carrier density profiles that well illustrate this problem. 
2.3.2 Metal-Insulator-Semiconductor Capacitor 
When there is no drain voltage ( 0DV  ), the stack of the gate, dielectric, and 
semiconductor is essentially the metal-insulator-semiconductor (MIS) structure. The transistor 
channel is basically the region with charges built up in the semiconductor layer in the MIS 
capacitor. In the case of TFTs, the ON operation is usually in the accumulation regime, i.e., 
the attracted charges have the same polarity as the semiconductor (majority carriers only: p-
channel in p-type semiconductor or n-channel in n-type semiconductor). This is different from 
MOSFETs in which the channel is usually an inversion layer – having the opposite polarity to 
the bulk of the semiconductor (minority carriers). The applied potential (ON operation) causes 
the band bending in the semiconductor layer, and the built-up charges form an accumulation 
layer. The distribution profile of the majority carriers along the thickness of the semiconductor 
(perpendicular to the channel or dielectric/semiconductor interface) depends on the balance 
between the electrostatics (due to the attracting potential) and the diffusion process (due to the 
concentration gradient of the carrier accumulation) and can be obtained by solving the Poisson 
equation taking into account the relevant processes. On the other hand, the OFF operation 
leads to the depletion of carriers in the semiconductor layer. The charges in this case are the 
background dopants or unintentionally incorporated defects or impurities in the semiconductor 
layer. These charges are immobile and their distribution depends on how the semiconductor 
has been deposited, and the simplest case is to assume the uniform distribution and full 
depletion approximation. The depletion width can also be obtained by solving the Poisson 
equation.  For more details regarding the physics or the MIS structure, see Refs. [46, 130].  
For this thesis, the MIS structure has a role in determining the dielectric constant of 
CuSCN, as presented in Section 7.1. This quantity is fundamental for semiconductors and has 
not been reported for this material before. Furthermore, the analysis of the depletion 
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capacitance of the same structure can also yield the flat-band voltage and the background 
unintentional dopant concentration.  
2.3.3 Current-Voltage Characteristics of Thin-Film Transistor 
The operating principle of a TFT follows that of a MOSFET and can be described by a 
mathematical relationship between the gate-source voltage GSV  which creates the channel in 
the semiconductor, the drain-source voltage DSV  which drives the current in the channel, and 
the channel current which flows between the source and drain contacts (called the drain 
current DI ). Since the source terminal is usually grounded ( 0SV  ), GSV  and DSV  are simply 
GV  and DV .  
 
Figure 2.12. Schematic of a TFT operating in the saturation regime. The dark region in the 
semiconductor layer is the channel [10] – reproduced by permission of the Royal Society of Chemistry. 
Considering a structure shown in Figure 2.12 and assuming an n-type semiconductor, 
electrons start accumulating at the dielectric/semiconductor interface when a positive GV  with 
a magnitude greater than the threshold voltage THV  is applied. Typically, THV  has its root in 
the work function difference between the gate metal and the semiconductor and, more 
importantly, charges within the dielectric or semiconductor or at the dielectric/semiconductor 
interface. Once the channel is formed and a drain voltage DV  is applied, the current DI  starts 
flowing in the device. When DV  is small, the channel remains uniform, and the current-
voltage ( I V  or specifically D DI V  in this case) trace is linear similar to that of a normal 
resistor. The device is said to operate in the linear regime. With increasing DV , the field near 
the drain contact starts pushing away the gate field, and the D DI V  curve becomes sublinear. 
When D G THV V V  , the drain field overcomes the gate field, depleting carriers at the 
drain/channel interface. The channel under this condition is said to be pinched off. The further 
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increase in DV  expands the depletion region, as depicted in Figure 2.12. Beyond the pinch-off 
point, DI  becomes independent of DV , and the device is said to be in the saturation regime. 
Figure 2.13(b) displays the D DI V   curves or the output characteristics for different values of 
GV . The linear and saturation regimes can be observed from the plot. 
 
Figure 2.13. Schematics of (a) transfer and (b) output characteristics of a transistor [10] – reproduced 
by permission of the Royal Society of Chemistry. 
The interactions between GV  and DV  actually present a two-dimensional 
field/transport problem with one component parallel to the channel and the other 
perpendicular. This can be simplified by using the gradual channel approximation (GCA) 
which deconstructs it into two coupled one-dimensional equations. Although the 
approximation is based on a set of assumptions, it is sufficiently effective and commonly 
accepted as a standard theory for TFT analysis. According to the GCA, the relationship 
between DI  and DV  can be expressed as [46, 128]  
  
2
2
D
D i G TH D
VWI C V V V
L

 
   
 
  (2.28) 
where   is the carrier mobility, iC  is the geometric capacitance of the insulator, W  is the 
channel width (defined as the distance over which the S/D contacts run parallel to each other), 
and L  is the channel length (defined as the distance between the S/D contacts). In the linear 
regime when D G TV V V  , Eq. (2.28) can be simplified to  
  , .D lin lin i G TH D
WI C V V V
L
    (2.29) 
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When the device operates in the saturation regime with D G THV V V  , the equation becomes  
  2,
1 .
2D sat sat i G TH
WI C V V
L
    (2.30) 
2.3.4  Performance Metrics 
Eq. (2.29) and (2.30) can be used to obtain lin , sat , and THV  which are the 
characteristic properties of the semiconductor and used to rate the performance. This is 
typically done by performing calculations on the D GI V  curves or the transfer characteristics 
[Figure 2.13(a)] of the device. In this case, the measurement is carried out by measuring DI  as 
a function of GV  at a fixed DV . With DV  as a constant, using Eq. (2.29) lin  can be found 
from  
 ,
1 .D linlin
i D G
IL
CV W V

 
  
 
  (2.31) 
Similarly, differentiating Eq. (2.30) yields sat  according to  
 
2
,
2
1 .D satsat
i G
IL
C W V

 
    
  (2.32) 
Also, for the saturation regime, it can observed that a square root of ,D satI ,  
  ,
1 ,
2D sat sat i G TH
WI C V V
L
    (2.33) 
can give THV  directly from the x-intercept and sat  from the slope according to  
 
2
,2 .D satsat
i G
IL
C W V

 
 
  
  (2.34) 
lin  and sat  obtained from FET characteristics are the field-effect mobilities FE . 
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 It should be pointed out that the accuracy of determining FE  using the transistor 
transfer characteristics mainly depends on whether the appropriate formula is chosen for the 
operating regime of the device as well as on the accuracy of other parameters such as iC  and 
W L  ratio. In particular, small W L  ratios can lead to a serious overestimation of FE  due to 
the fringing electric field at the ends of the injecting S/D electrodes which increases the 
effective width of the channel. For example, Okamura et al. [131] showed that for an 
unpatterned semiconductor with a small W L  of 2.5, FE  can be overestimated by more than 
400%. The authors also showed that for FE  to be independent of the geometrical channel 
ratio, a minimum of 30 is roughly required for W L .  
 Another important parameter from the transfer characteristics is the subthreshold 
swing THS  which is the reciprocal of the slope of  10log D GI V  plot or mathematically  
 
10
.
log
G
TH
D
VS
I



  (2.35) 
THS  can give an estimate of the total trap density tD  (combining fixed insulator charges, 
charges in the semiconductor, and charges at the dielectric/semiconductor interface) using the 
expression [46]  
 2
1 .
ln10
TH
t i
SD C
qkT q
 
  
 
  (2.36) 
 Other metrics typically employed to measure the performance of the transistor are the 
on-to-off channel current ratio on offDI
  and the turn-on voltage ONV . on offDI
  is the ratio of DI  
when the device is fully switched on to DI  when the device is off and represents the signal-to-
noise ratio of the device. ONV  can be obtained directly from the transfer plot as the gate voltage 
at which DI  starts to increase. ONV  is sometimes used instead of THV  since the definition and 
the extraction of the latter can sometimes be ambiguous. Generally, desired TFT 
characteristics are associated with FE  of larger than 1 cm
2 V–1 s–1, on offDI
 of higher than 106, 
and small (close to zero) THV  or ONV . 
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Chapter 3  
Review of Hole-Transporting  
Inorganic Semiconductors 
Due to the fundamental problems of self-compensation and the localising valence 
band structures, achieving hole transport in the semiconducting oxides that have excellent 
electron-transporting characteristics, such as ZnO, SnO2, In2O3, or their multi-component 
compounds, has proved to be remarkably challenging. The direction has therefore turned to 
identifying other oxide compounds that predominantly show hole-transporting or p-type 
characteristics. Before the research interest in oxide/plastic electronics began, only a handful 
of oxides had been known to show p-type conductivity, in particular copper(I) oxide (Cu2O) 
[132] and nickel oxide (NiO) [133]. The p-type characteristics of other material systems, such 
as tin(II) oxide (SnO) [69], copper(II) oxide (CuO) [134], and copper-based delafossites 
CuMO2 (M = Al, Ga, or In) [55, 56, 58] and oxychalcogenides LaCuOCh (Ch = S, Se, or Te) 
[59, 60] have only been studied recently. Looking beyond the current set of available choices 
and in order to objectively satisfy the material requirements for the plastic electronic 
applications, the horizon should also be expanded to include other inorganic materials. Indeed, 
compounds such as chalcogenides and halide perovskites have been shown to be hole-
transporting as well as solution-processable. This chapter, aiming to identify important 
literature milestones with the focus on TFT applications, reviews the development of the quest 
to find suitable p-type oxides and extends to comprehensively include other nontraditional 
inorganics as well. 
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3.1 Cuprous and Cupric Oxides 
Although relatively less known as a semiconductor nowadays, cuprous oxide (Cu2O) 
was amongst the first materials studied for semiconducting properties [132, 135, 136]. It is a 
p-type semiconductor with a direct band gap ( gE ) of 2.17 eV [137] (or experimentally 
reported in the range of 2.0 eV to 2.7 eV, see references in Table 3.1). The basis for the hole-
transporting characteristics of Cu2O is the dominant character of Cu 3d states near the VBM as 
well as the availability of the energetically favourable electron accepting defects (theorised to 
be copper vacancies, VCu) [61, 138]. Li et al. have shown a Hall mobility ( Hall ) value as high 
as 256 cm2 V–1 s–1 at a hole concentration of 1014 cm–3 [139]. The team grew high quality 
Cu2O thin films using sputtering by introducing a low-temperature buffer layer before the 
actual film growth. Other groups have also reported Hall  in Cu2O films on the order of 100 
cm2 V–1 s–1 [140, 141]. 
Regarding the demonstration of TFT performance, there have been only a small 
number of reports on Cu2O TFTs as summarised in Table 3.1. Matsuzaki et al. first displayed a 
p-channel oxide TFT based on Cu2O for the first time in 2008 [140]. The group grew epitaxial 
Cu2O thin films by pulsed laser deposition (PLD) on MgO single-crystal substrates (for low 
lattice mismatch) and achieved Hall  of 90 cm
2 V–1 s–1. The Cu2O-based TFTs however 
showed FE  of 0.26 cm
2 V–1 s–1 with poor transfer characteristics and on offDI
  of less than one 
order of magnitude. Zou et al. also reported p-type Cu2O films grown by PLD on Si/SiO2 
substrates and obtained a similar value of Hall  at 107 cm
2 V–1 s–1 [141]. This group fabricated 
p-channel TFTs by incorporating Cu2O films with a high-k HfON dielectric which resulted in 
FE  of 4.3 cm
2 V–1 s–1 and on offDI
 of 106 – the highest performance reported so far for Cu2O-
based TFTs. One drawback of these two papers is the high temperature (> 500 °C) required 
during the film growth process which is not compatible with plastic substrates.  
Fortunato et al. [142], Nam et al. [143], and Yao et al. [144] have all demonstrated p-
type Cu2O-based TFTs using sputtering technique. Fortunato et al. grew films on glass 
substrates at room temperature followed by a post-annealing step at 200 °C in air for 10 h. 
Their Cu2O films showed Hall  of 18.5 cm
2 V–1 s–1, and their Cu2O-based TFTs with 
aluminium oxide and titanium oxide superlattice (ATO) dielectric yielded FE  of 1.2×10
–3 cm2 
V–1 s–1 and on offDI
  of 200. Similarly, Nam et al. grew cuprous oxide on Si/SiO2 substrates at 
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room temperature but annealed the films at 500 °C for 7 min in vacuum. This team obtained 
Hall  of 47.5 cm
2 V–1 s–1, and their p-type Cu2O TFTs with SiO2 dielectric showed FE  of 0.06 
cm2 V–1 s–1 with on offDI
 of 1.8×104. The work by Yao et al. is rather noteworthy in that they 
used flexible polyethylene terephthalate (PET) sheets as substrates. Also with room-
temperature growth process and even when no post-annealing step was carried out, the group 
managed to obtain Hall  of 20 cm
2 V–1 s–1 and, for Cu2O-based TFTs with AlN dielectric, FE  
of 2.4 cm2 V–1 s–1 and on offDI
 of 4×104.  
In 2013, Kim et al. reported a demonstration of p-channel TFTs based on Cu2O films 
processed from solution [145]. The authors used the sol-gel method with a starting solution 
consisting of Cu(II) acetate hydrate [Cu(CH3COO)2·xH2O] in 2-methoxyethanol stabilised by 
monoethanolamine. The film was produced by spin-casting the solution on Si/SiO2 substrates 
and drying at 150 °C for 20 min. The post-fabrication annealing involved the first step at  
400 °C for 30 min in N2 followed by the second step at 700 °C for 30 min in O2. They found 
that annealing under N2 atmosphere first resulted in thin films of metallic Cu, which were then 
converted to Cu2O during the second annealing step in O2. The two-step annealing process 
helped mitigate the problem of discontinuity in Cu2O thin films which arose from the island 
growth behaviour. The O2 partial pressure also had to be controlled to prevent over-oxidation 
which would yield CuO instead of Cu2O. The team reported Hall  value of 18.9 cm
2 V–1 s–1 
and fabricated Cu2O-based TFTs with SiO2 dielectric, of which FE  and 
on off
DI
 are 0.16  
cm2 V–1 s–1 and 100, respectively. 
One common trait among the reports on Cu2O-based TFTs is the large difference 
between the Hall and field-effect mobilities ( Hall  and FE ). The former is generally 
associated with the properties of the bulk of the material while the latter can differ 
considerably since the channel in a field-effect transistor is usually confined to a region only a 
few or several nanometres thick. Most authors attribute the low FE  values to high densities of 
trapping/scattering states that affect the carrier transport in the field-induced channel. In fact, it 
may be further deconstructed broadly as two problematic regions: specifically at the 
dielectric/semiconductor interface or within the transport channel formed in the 
semiconductor.  
In the follow-up work by Zou et al. [146], the group studied more on the effects of 
dielectric/Cu2O interface. They compared the performance of Cu2O/SiO2-based and 
Cu2O/HfO2/SiO2-based TFTs and found that devices employing HfO2/SiO2 dielectric showed 
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superior operating metrics with FE  and THS  of 2.7 cm
2 V–1 s–1 and 137 mV dec–1 compared to 
0.43 cm2 V–1 s–1 and 315 mV dec–1 of TFTs using SiO2 as a dielectric. Nevertheless, the 
performance was still not better than their previous work using HfON dielectric (with FE  of 
4.3 cm2 V–1 s–1 and THS  of 180 mV dec
–1) although the results cannot be directly consolidated 
due to different TFT architectures used in the two papers. 
Apart from the dielectric/semiconductor interface, the trapping/scattering states in the 
semiconducting channel also limit the carrier mobility, and this is possibly the more important 
and more challenging problem for the case of Cu2O. The biggest issue is the fact that for the 
Cu–O material system, Cu can exist as metallic Cu, Cu(I) oxide (Cu2O), or Cu(II) oxide 
(CuO). In fact, CuO is more stable than Cu2O under ambient conditions [147]. All of the 
reports on Cu2O TFTs mentioned here relied on strict growth conditions to control the phase 
of CuOx, and they employed characterisation techniques such as X-ray diffraction (XRD) and 
X-ray photoelectron spectroscopy (XPS) to confirm the Cu2O phase in their samples. 
However, impurities such as Cu or CuO do not need to exist as a segregated phase (for XRD 
detection) or at sufficiently high concentration (for XPS detection) in order to have a profound 
effect on the carrier transport in the field-induced channel. The problem of scattering or 
trapping by impurities is well-known for FET devices [46, 128]. It is not surprising if at some 
Cu lattice positions, Cu would exist as Cu(0) or Cu(II) rather than Cu(I); this would cause 
distortion in the periodic structure and lead to localised states in the mobility gap. Indeed, after 
their first demonstration of Cu2O-based TFTs, Matsuzaki et al. investigated the origin of low 
field-effect mobility in their devices and found from a close inspection of the optical 
absorption spectra that there were a large number of localised states, which the authors 
attributed to VO and CuO [148]. They estimated the densities as 1×1019 cm–3 for VO and 
1020 cm–3 for CuO. 
Although cupric oxide (CuO) is not desired when aiming to produce Cu2O thin films, 
CuO itself is also a hole-transporting semiconductor with a band gap of 1.43 eV [137], 
appearing as black in its powder form. Little attention was paid to CuO at the beginning of the 
development of oxide electronics. This was because one of the main driving forces for the 
research interest in this field at the early stage was also the optical transparency. All of the 
prevalent n-type oxides, i.e., ZnO, SnO2, and In2O3, have large band gaps ( 3.4  eV, see Table 
2.1) which result in high transparency in the visible range, and the combination with their 
good performance in TFT applications stirred up the interest in transparent electronics (for 
example, see Ref. [11, 149, 150]). As a result, the same requirement for optical transparency 
was also put on the search for the p-type counterparts. CuO with a small band gap was 
55 
 
therefore omitted from many early investigations,1 and there have been only a few reports on 
CuO-based TFTs (see Table 3.2).  
 In 2009, Liao et al. [151] grew CuO nanowires (NWs) by heating Cu foils at 500 °C 
for 10 h under ambient conditions. Their characterisation results suggested that the NWs were 
CuO single crystals. The authors claimed FE  of 2–5 cm
2 V–1 s–1 for a single-NW FET device 
with SiO2 dielectric. By physically transferring arrays of CuO NWs to the TFT substrates, the 
team also managed to obtain CuO NW-array TFTs and claimed FE  of 15 cm
2 V–1 s–1 with 
on off
DI
  of 100. Interestingly, Vaseem et al. [152] reported p-type TFTs based on inkjet-printed 
CuO quantum dots (QDs). They synthesised CuO QDs using a chemical process involving 
copper(II) acetate dihydrate [Cu(CH3COO)2·2H2O], acetic acid, and sodium hydroxide, and 
the ink was formulated using a mixture of ethanol, isopropyl alcohol, ethylene glycol, and de-
ionised water. Their CuO QDs appeared to be single-crystalline with diameters in the range of 
5–8 nm. A drop-on-demand piezoelectric inkjet nozzle was used to print CuO ink directly on 
Si/SiO2 substrates into either a dot or line pattern. Printed TFTs without post-annealing 
showed FE  of around 16.5 cm
2 V–1 s–1 with on offDI
  between 2×102 and 8×103, and they found 
that a 2-min microwave-assisted annealing improved FE  to around 30 cm
2 V–1 s–1 and 
increased on offDI
 by a factor of 3 to 35. 
 On the other hand, CuO-based TFTs fabricated from sputtering have not shown such 
impressive performance. Sung et al. [134] produced p-type CuO films on Si/SiO2 substrates by 
sputtering at room temperature. Following an annealing step at 300 °C in air, their CuO-based 
TFTs showed FE  of 0.4 cm
2 V–1 s–1 and on offDI
 of 104. Similarly, Sanal et al. deposited CuO 
thin films by sputtering at room temperature onto glass/ITO substrates. Without a further 
annealing step, the group obtained p-type CuO TFTs with FE  of 1.4×10
–2 cm2 V–1 s–1 and 
on off
DI
  of 104. 
 The high FE  obtained from CuO NW- and QD-based TFTs should be taken with 
caution. The first issue may be the different geometries which require specific ways of 
calculating the FE . On the other hand, it may be possible that the high mobility values are a 
result of the single crystallinity observed in the two cases. As for the QD films, the roughness 
                                                   
1 In fact, the same argument can be brought up against Cu2O. The lack of p-type oxides, however, was a 
more important issue, and Cu2O with a larger band gap than CuO (as well as being a better known p-type 
semiconductor) received more attention than CuO at the beginning of research on p-type oxide electronics. 
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and voids between particles generally lead to poor performance [13]. The compactness of the 
films obtained by Vaseem et al. as well as the improvement on surface roughness by the 
microwave-assisted annealing may explain the high performance reported by them. In any 
case, CuO also has the potential as a hole-transporting oxide semiconductor if the optical 
transparency is not required. 
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3.2 Stannous Oxide 
While stannic oxide (SnO2) is a well-known n-type oxide, stannous oxide (SnO) has 
been shown to display good hole-transporting characteristics and employed in a number of p-
channel TFTs as summarised in Table 3.3. SnO has an indirect band gap at 0.7 eV [69, 155] 
and exists as black powder. However, it also possesses a much larger direct band gap of 2.9 
eV [155], and in a thin-film form, the optical absorption from the direct gap usually leads to a 
reported optical band gap in the range of  2.5 to 2.9 eV [69, 156-158]. This also gives SnO a 
good prospect for the use in transparent electronics although the transparency would depend 
significantly on the thickness of the film. The absorption from the indirect gap would become 
more significant with the increasing thickness.   
Theoretical studies have shown the hole transport in SnO is possible due to the mixing 
of Sn 5s states to the O 2p states near the VBM [70, 155, 159]. This is similar to the case of 
Cu(I)-based compounds (Cu2O as mentioned previously and other compounds discussed 
hereinafter) where Cu 3d states also feature along with O 2p states near the VBM. Compared 
to the O 2p-dominating VBM of n-type oxides, it is becoming clearer that the mixing of states 
from the metal species is needed for the hole transport. However, the native defects that 
contribute to the p-type conductivity in SnO have not yet been clearly identified. Sn vacancies 
(VSn) were first thought to be the main shallow acceptors that generate holes in SnO [70]. A 
more recent study has shown that the formation energy of VSn may be too high, and complexes 
between VSn and hydrogen (H) impurities (VSn-H) with a lower formation energy could be 
another likely source of p-type conductivity in SnO [155]. Yet, most of the experimental 
results show that p-type SnO is obtained under the Sn-rich growth environment, and there has 
been no explanation as to why a significant number of Sn vacancies should exist in this case. 
One would expect either oxygen vacancies (VO) or Sn interstitials (Sni) to be prevalent under 
metal-rich conditions. While VO would create deep donor states [70, 155], Sni may be a 
possible defect of creating p-type conductivity [159]. More studies are still required to 
elucidate this conductivity issue.  
It can be seen from Table 3.3 that, when compared to Cu2O-based TFTs, SnO devices 
fare better in terms of field-effect mobility, consistently yielding FE  in the range of 0.1–1 
cm2 V–1 s–1 and in some cases up to ~6 cm2 V–1 s–1. The Hall mobility of SnO is, however, 
lower than that of Cu2O, and the fact that its FE  does not deteriorate from Hall  as much as in 
the case of Cu2O may suggest that defects/impurities in SnO have less detrimental effects on 
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the hole transport. As in the case of Cu0 or Cu2+ being common impurities in Cu2O, Sn0 or 
Sn4+ are also generally found incorporated in SnO. It may be possible that the multivalent 
nature of Sn can accommodate other Sn with different oxidation states better than in the case 
of Cu. For example, in a theoretical study on SnO2 [82], SnIVi defects can exist on their own or 
as SnIVi + VO defect pairs. In the latter case, the lattice of SnO2 locally relaxes to the SnO 
lattice to contain the pair, reflecting the flexibility of valence states of Sn. 
Caraveo-Frescas et al. [158] also reported that a phase of SnO mixed with a small 
amount of metallic Sn showed higher Hall  and FE  than a pure SnO phase. The group found 
that the hole mobility increased with the increasing concentration of Sn up to an optimal level 
of 3 atomic per cent (yielding Hall  of 18.7 cm
2 V–1 s–1 and FE  of 6.75 cm
2 V–1 s–1), beyond 
which point the mobility started to decrease. They theorised that Sn impurities possibly added 
more metallic character to the VBM of SnO, thereby mixing the metallic states with the O 2p 
states further and improving the hole mobility. Their later theoretical calculations [159] 
showed that interstitials Sn (Sni) could lead to the 5p states of both Sn lattice atoms and Sni 
having more contribution near the VBM. The authors then attributed the reduction in the 
mobility at Sn concentrations higher than the optimum point to the competing effects of 
impurity scattering [158].  
The other common impurity, Sn4+, likely leads to n-type conductivity. It has been 
shown that the deposition window of SnO is rather restricted, and over-oxidation of the 
sample would lead to electron-transporting characteristics [156, 158, 160, 161], which belong 
to SnO2. Interestingly, the transition is rather smooth and can even lead to ambipolar 
characteristics observed in SnO-based TFTs [162]. One noteworthy report is that by Nayak et 
al. [161] which shows the fabrication of both p-channel and n-channel SnOx-based TFTs and 
CMOS inverter through a single deposition step of the channel layer. The authors grew the 
SnOx layer simultaneously on two types of Al2O3 dielectric layer with different oxidising 
properties. The more inert Al2O3 resulted in p-type SnO while Al2O3 rich in –OH groups led to 
n-type SnO2 even when the SnOx layer was deposited at the same time under the same growth 
conditions.  
The versatility in the conductivity type and valence states may explain the generally 
better hole transport properties in SnO compared to Cu2O. In the latter, Cu0 and Cu2+ 
impurities are usually attributed to the poor performance of Cu2O-based TFTs and the large 
discrepancy between Hall  and FE . However, in the case of SnO, Sn
0 can improve the hole 
transport by modulating the VBM (up to a certain Sn concentration) while Sn4+ would instead 
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lead to ambipolarity (or ultimately to n-type conductivity). Some clues of the latter can also be 
observed from the normally high off-current in SnO-based TFTs, which results in the low 
on off
DI
  and is one of its main drawbacks. It may be possible that when the concentration is not 
sufficiently high to obtain ambipolarity, Sn4+ impurities create electrons that contribute to the 
high background conductivity in SnO.  
In addition, SnO itself may be ambipolar [155, 163, 164] due to its small band gap 
(indirect at 0.7 eV). Varley et al. [155] have also shown from their calculations that the CBM 
and VBM of SnO are approximately at 3.8 eV and 4.5 eV below the vacuum level, which are 
in the range that would allow both hole and electron injections from the common metal 
electrodes. The electronic structure of SnO may also allow electron transport as its CBM has a 
character of mainly Sn 5p with some contribution from O 2s [70, 155]. The effects of Sn0 and 
Sn4+ impurities discussed above would still remain the same, i.e., Sn0 is associated with p-type 
conductivity and Sn4+ with n-type.  
It should also be pointed out that during the course of the investigation of this thesis, 
solution-processing of SnOx was also attempted by spraying solutions of tin(II) chloride in 
ambient (using the same spray pyrolysis technique as employed for Cu2O films and TFTs, see 
Chapter 4 and Chapter 5). However, all experiments yielded n-type films with high 
background conductivity and were not pursued further. Recently, solution-processed  
p-channel SnO-based TFTs have been demonstrated by Okamura et al. [165]. Using a solution 
of tin(II) chloride dihydrate (SnCl2·2H2O) in anhydrous methanol, the authors spin-cast thin 
films and subjected them to NH4OH exposure and 450 °C (for best TFT characteristics) 
annealing in N2/H2 gas mixture (with 8% H2). The resulting SnO TFTs showed FE  of 0.13 
cm2 V–1 s–1 and on offDI
  of 85. It can be observed that one of the keys to obtain p-type SnO is 
possibly the annealing in the reducing atmosphere, the step which was missing from the 
attempted spray pyrolysis deposition. More research effort is expected to improve the film 
growth process and/or find new precursor routes that would allow the deposition of higher 
quality films at lower temperatures. 
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3.3 Other Oxides 
Apart from Cu2O, CuO, and SnO, a few other oxides have also been reported to show 
p-type conductivity. However, their reproducibility still remains a concern due to the lack of 
consistent and continued progress on the development. Also, most have not been demonstrated 
in TFT or FET application. The latter is crucial for the study of carrier transport as well as the 
performance rating for further electronic applications. 
Nickel(II) oxide (NiO) is one material which is relatively well known for its p-type 
conductivity. Only a few reports on NiO-based FETs exist, nevertheless, and their 
performance is not impressive. Shimotani et al. [173] demonstrated an electrical-double-layer-
gated FET based on single crystal NiO. Despite the high crystallinity and high geometric 
capacitance of the electrochemical gate (41 µF cm–2), the device displayed only modest 
performance with FE  of 1.6×10
–4 cm2 V–1 s–1 and  on offDI
 of 130. Jiang et al. [174] later 
claimed a NiO-based TFT with FE  of 5.2 cm
2 V–1 s–1 for linear regime and 0.43 cm2 V–1 s–1 
for saturation regime along with on offDI
 of 2.2×103. Their method of producing NiO was by 
oxidising the metallic Ni layer deposited by electron-beam evaporation. However, the high 
mobility was only achievable in a partially-oxidised sample with the film stack consisting of 
Si gate/SiO2 dielectric/Ni/NiO/(Ti/Au) contacts. A closer investigation revealed that the gating 
effect in this case was in fact the modulation of the Schottky barriers between Ni/NiO and 
NiO/(Ti/Au) which formed back-to-back Schottky junctions. The high conductivity state was 
obtained when the barriers were small and holes could be injected from the contacts into the 
buried Ni layer. Indeed, a fully oxidised sample (without the underlying Ni layer) showed low 
current level and very negligible field effect. In addition, Matsubara et al. [175] reported 
FETs based on NiO and Li-doped NiO nanowires produced by calcinating electrospun sol and 
quoted FE  of 3.4×10
–4 cm2 V–1 s–1. The authors found that doping with Li could increase the 
transconductance of the FETs although they did not report the effects on the off current which 
would be expected to increase from doping as well.  
 In addition, there have also been numerous claims of p-type doping in ZnO by 
elements from Group I (Li, Na, and Cu) and Group V (N, P, As, and Sb) (for example, see 
Ref. [85] and an extensive list of references therein). A few papers have described FET 
devices based on p-type ZnO, i.e., As-doped ZnO MESFETs [88], P-doped ZnO NW-
FETs[89], N-doped ZnO NW-FETs [90], and Ag-doped ZnO NW-FETs [91]. However, their 
transistor characteristics are very poor, particularly if compared to the generally excellent 
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performance of n-channel ZnO TFTs. Reports on p-type conductivity are also controversial in 
general. The proof of hole transport usually relies on Hall effect measurements, but it is 
possible to obtain a wrong carrier type, for example from the inhomogeneities in carrier 
concentrations [176]. Interface states, near-surface states, and defect states may also be 
responsible for the incorrect assignment of carrier type [85, 177]. Their stability and 
reproducibility also pose a significant concern; some groups report on p-type ZnO reverting to 
n-type after storage for a certain amount of time [85, 91], and the results of p-type ZnO have 
not been extensively and consistently reproduced despite the field of oxide electronics being 
very active and widespread.  In addition, many claim the p-type ZnO by using optical 
emission or electrical rectification as a proof of p-n junction formation. However, p-n 
junctions are not necessary for such effects as Schottky diodes can also emit light and/or 
rectify current [85].  
 As the choice of simple (binary) oxides with hole-transporting characteristics is rather 
limited and p-type doping is difficult to obtain, some have also turned to search for the p-type 
conductivity from a larger pool of more complex oxides. In 1997, Kawazoe et al. [55], bound 
with conditions of both hole transport and optical transparency (to match with the wide-band-
gap n-type oxides, i.e., ZnO, SnO2, and In2O3), proposed CuAlO2 as a prime candidate for a 
transparent p-type oxide. They later expanded the list to include other Cu(I)-based delafossites 
CuMO2 (M = Al, Ga, or In) [56, 57]. Similar to the observation of Cu2O and SnO which 
suggests that the hybridisation of the metallic orbitals with the O 2p states near the VBM is 
necessary for hole transport, the first condition of Kawazoe et al.’s material search was to look 
for oxides with appropriate energy levels of the cationic (metal) species. They have put 
forward that the adverse hole localisation in many oxides is due to the strong ionicity which is 
a result of the large disparity between the cationic and anionic (oxygen in this case) energy 
levels. The O 2p levels generally lie much deeper than the metal (M) orbitals, and any holes 
residing in such levels are strongly localised. Their solution is then to seek materials whose M 
orbitals are closer to O 2p states which would result in less ionicity/more covalency and 
increased dispersion in the VBM electronic structure – an approach named as chemical 
modulation of the valence band (CMVB) [56]. Further consideration on optical transparency 
has led the authors to identify Cu(I) and Ag(I) as the appropriate metal species and the 
delafossite crystal as their preferred structure. Both Cu+ and Ag+ cations have a closed d-shell 
configuration which would prevent the colouration from  d–d  transitions while the delafossite 
structure is expected to reduce the localisation by the oxide ions through the tetrahedral 
coordination with the cations and at the same time widen the band gap by limiting the 
interactions among the metal species [55, 56].  
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The team have shown that the delafossites CuAlO2 and CuGaO2 are p-type while 
CuInO2 and AgInO2 are ambipolar and n-type, respectively [56, 57]. Further work from the 
same research group have also identified SrCu2O2 [56], ZnRh2O4 [178], and oxychalcogenides 
LaCuOCh (Ch = S, Se, or Te) [59, 60, 179] as potential hole-transporting oxides. However, 
the evidence for p-type conductivity was always based on Hall measurements and/or current 
rectifying behaviour [56, 180, 181]. As mentioned above in the case of p-type ZnO, these 
measurements do not always constitute a definite proof of hole-transporting characteristics. 
Furthermore, demonstrations of these oxides as an active p-channel in field-effect devices 
material have not been shown; this has limited their usefulness and turned the research interest 
elsewhere. 
 Recently, Hautier et al. [182] have also embarked on a similar theoretical route for the 
search of transparent p-type oxides. The authors used a high-throughput computational 
method to scan the electronic structures of thousands of binary and ternary oxides for species 
with low hole effective masses and large band gaps. Their results have identified B6O, 
A2Sn2O3 (A = K or Na), and ZrOS as possible candidates. The properties of these choices are 
mostly found to be similar to those of p-type oxides previously discussed; their low hole 
effective masses are a result of the large dispersion at the VBM due to the mixing of metallic 
states with the O 2p states, particularly for A2Sn2O3 compounds. In this case, the 5s states of 
Sn hybridise with O 2p states similar to the situation in SnO. Compared to Cu-based oxides, 
the authors have stated that the Sn 5s orbitals can lead to lower hole effective masses due to 
more delocalisation compared to the 3d orbitals of Cu. Adding an extra component to obtain 
ternary oxides can also broaden the band gap analogous to the case of going from Cu2O to 
CuAlO2. 
 An alternative route is to modify the VBM with an additional anion as in the case of 
ZrOS (and other compounds2). Although the VBM still retains the p character, the larger and 
more delocalised 3p from anions such as S2– and P3– or 4p from As3– can also lower the 
effective masses and increase the band gaps. Boron suboxide (B6O) also fits in this category as 
it can be seen as a combination of cationic boron, anionic boron, and anionic oxygen. Yet, 
experimental results to confirm the p-type conductivity and demonstrations of applications 
(FET in particular) based on the hole-transporting characteristics of these newly identified 
oxides still remain to be seen. 
                                                   
2 Hautier et al. have also identified other compounds within the same anion-mixing category: HfOS and 
oxypnictides A4B2O (A = Ca, Sr and B = P, As). However, they are later dismissed due to their fairly 
average characteristics compared to ZrOS. See Ref. [1]. 
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3.4 Other Inorganics 
The previous examples have demonstrated repeatedly that one route to achieve hole 
transport is to modify the O 2p character in the VBM of the oxides. Species whose metal 
orbitals can mix appreciably with the O 2p states – compounds based on Cu(I) and Sn(II) in 
particular – have shown respectable p-type characteristics. However, the material choice 
should not be restricted to only oxides if we were to search objectively for semiconducting 
materials that can satisfy the criteria for plastic electronic applications (e.g., compatible with 
plastic substrates, processable from solution, etc.). There is still a vast repository of inorganic 
materials beyond oxides which are still awaiting the investigation for their electronic 
properties. The last section has already touched upon a few examples, i.e., oxychalcogenides 
[LaCuOCh (Ch = S, Se, Te) and AOS (A = Zr, Hf)] and oxypnictides [A4B2O (A = Ca, Sr and 
B = P, As)], whose VB characters are modified by other anions. Further to this, there are other 
inorganic compounds which do not feature oxygen at all and have been shown to display p-
type conductivity, and some of which can also be processed from solution and incorporated 
into p-channel TFTs.3  
Closely related to the oxides are the chalcogenides (with anions of S, Se, or Te), two 
of which have been demonstrated as solution-processable p-type semiconductors: the 
chalcopyrites CuInSe2 [183] and CuInTe2 [184]. Similar to other copper-based p-type 
compounds, the copper is in Cu(I) state, and the states near the VBM are formed from the 
hybridisation of Cu 3d states with Se/Te p states [185, 186]. CuInSe2-based TFTs have shown 
FE  of 0.8 cm
2 V–1 s–1 and 0.05 cm2 V–1 s–1 in saturation and linear regimes, respectively, with 
on off
DI
 of 3×104 [183]. Higher performance has been obtained from CuInTe2-based TFTs with 
saturation and linear FE  reported as 11.8 cm
2 V–1 s–1 and 7.0 cm2 V–1 s–1, respectively, and 
on off
DI
  of 105 [184]. However, one serious disadvantage of CuInSe2 and CuInTe2 is that their 
solution-processing relies on the highly toxic and dangerous hydrazine (N2H4) as a solvent. 
Also, their small band gaps (~1 eV for both materials) limit further potential to integrate with 
the wide-band-gap n-type oxides for transparent electronics. There have been no further 
significant investigations on their use in TFTs; instead, they have found their usage in 
photovoltaic applications, in particular the Cu(In,Ga)(S,Se)2 or CIGS cells [187]. 
                                                   
3 There are a large number of inorganic compounds with semiconducting properties. However, to limit the 
discussion to the scope of this work, only those with these two properties will be reviewed here. 
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Other inorganic compounds which exhibit p-type conductivity are the next group 
down the periodic table from the chalcogenides – the halides. Cuprous halides (CuCl, CuBr, 
and CuI) are all p-type, but the major contribution to their conductivity is ionic [71-74], which 
is not desirable for transistor applications due to the slow switching speed. Stannous halides 
(although of n-type conductivity) are also mainly ionic [188-190]. One of the halide-based 
families which is currently gaining an enormous amount of attention is the halide perovskites 
[191]. Tin-based iodide perovskites such as CsSnI3 and the hybrid organic-inorganic 
CH3NH3SnI3 are both p-type, but their conductivity is metallic-like [192, 193], which is too 
high for the use as an active semiconducting material. The characteristics of the VBM of 
CsSnI3 also show the same favourable trait for hole transport – the cation-anion orbital 
hybridisation, in this case, between the I 5p states and the Sn 5s states [194].  
Interestingly, Mitzi et al. [195] have shown that it is possible to decrease the metallic 
conductivity of the organic-based halide perovskites (such as the aforementioned 
CH3NH3SnI3) by subdividing the perovskite layer through the incorporation of extra organic 
constituents. An example is the family (C4H9NH3)2(CH3NH3)n-1SnnI3n+1 where n is related to 
the number of perovskite layers. The isotropic CH3NH3SnI3 which shows metallic 
conductivity corresponds to the case of n    (continuous, three-dimensional perovskite). On 
the other end of the spectrum, (C4H9NH3)2SnI4 is obtained when 1n  , and the structure 
consists of two-dimensional sheets of Sn-I network separated by the butylammonium 
C4H9NH3+ units. For intermediate n, the sheets are n layers of perovskite CH3NH3SnI3 also 
spaced by the C4H9NH3+ units. Temperature-dependent resistivity measurements have shown 
that the resistivity decreases with increasing n and semiconducting behaviour is observed 
when 3n  . Building on this concept, Kagan et al. (also with Mitzi) [196] fabricated TFTs 
based on the two-dimensional perovskite (C6H5C2H4NH3)2SnI4 (the organic spacer in this case 
is phenylethylammonium C6H5C2H4NH3+) and obtained operational p-channel transistors with 
FE  in the range of 0.5 to 0.6 cm
2 V–1 s–1 and  on offDI
 > 104. Mitzi et al. [197] later studied the 
effects of the position of fluorine substitution on the phenyl ring but did not observe any 
improvement on the TFT performance. Further significant work on perovskite-based TFTs has 
not been pursued, and recent research effort has been intensely focused on the photovoltaic 
applications of the related compounds: hybrid organic-inorganic lead iodide CH3NH3PbI3 and 
mixed halides CH3NH3PbI3-xClx and CH3NH3PbI3-xBrx [191]. The perovskites still have issues 
of stability and serious hysteresis [198, 199], the latter of which might limit their usefulness 
for transistor applications. Also, their high absorption in the visible range, which is 
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advantageous for photovoltaic applications, renders them incompatible with transparent 
electronics. 
Pseudohalides with complex ions in –1 oxidation state such as CN–, SCN–, or SeCN– 
are another family of inorganic materials which may hold the potential for opto/electronic 
applications. The pseudohalides are relatively unexplored especially for their electronic 
properties. So far, only the p-type cuprous thiocyanate (CuSCN) has been studied and mainly 
used as the hole-transporting layer in photovoltaic applications, such as dye-sensitised solar 
cells (DSSCs) [75, 76], quantum-dot-sensitised solar cells (QDSCs) [77], or extremely thin 
absorber (ETA) solar cells [78]. The interest in the usage of CuSCN in solar cell applications 
is based on its hole transport and optical transparency, both of which are required for the 
transparent hole-extracting electrodes. A theoretical study by Jaffe et al. [68] has shown that 
the former characteristic results from the hybridisation of Cu 3d with S 3p states at the VBM 
while the latter is due to its wide band gap of larger than 3.5 eV. The combination of these 
electronic and optical properties also makes CuSCN a promising candidate as an active 
semiconducting material in TFTs. Furthermore, CuSCN has low toxicity and can be deposited 
from various solution-processing methods, such as drop-casting [200], spin-coating [68], 
electrodeposition [201-204], and successive ionic layer adsorption and reaction (SILAR) [205, 
206]. Seeing this potential of CuSCN, it is then one of the main objectives of this research to 
investigate and develop the utilisation of CuSCN in TFT applications via solution process. 
3.5 Summary and Research Objectives 
The review has shown that the major enabling characteristic for hole transport is the 
diminution of the O 2p character near the VBM of the material. For oxides, Cu2O and SnO are 
the two major candidates as p-channel TFTs based on these two materials have been 
repeatedly demonstrated. The Cu 3d and Sn 5s states have been found to hybridise appreciably 
with the O 2p states, and the TFT performance level is now reaching the milestone of FE  = 1 
cm2 V–1 s–1. Better understanding of materials processing as well as charge transport physics 
are expected to contribute to further improvements. In this work, another route of solution-
processing method for producing Cu2O-based TFTs – spray pyrolysis (SP) – is demonstrated. 
SP is a facile, low-cost, and large-area compatible deposition technique and has been 
successfully employed by Prof. Anthopoulos’s research group to produce n-type metal oxides 
(undoped/doped), oxide dielectrics, and TFTs based on their combinations [21-27]. The 
fabrication of p-channel Cu2O TFTs by SP shown in this thesis provides further support for 
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the versatility of the method, particularly for large-area electronic applications. Also, as 
mentioned earlier, the deposition of SnO by SP was also briefly attempted but did not lead to 
successful results and instead yielded highly conductive n-type material, which was most 
likely the sign of SnO2. Annealing such films in a reducing atmosphere is one possible route to 
obtain SnO as demonstrated in Ref. [165]; however, the work on SnOx films was not 
continued in this research. The focus changes to CuSCN as discussed below. 
Apart from the oxides, other inorganic materials also show p-type characteristics (also 
a result of the hybridisation between the metal cation orbitals and the anion p orbitals), such as 
chalcogenides and halide perovskites, with solution-processed p-channel TFTs having already 
been demonstrated, although there are still issues of toxicity and stability. The high optical 
absorption in the visible range of the latter two families also makes them more suited for 
photovoltaic applications. Although not primarily necessary, the optical transparency is 
desired for the p-type species in order to fully complement (both electrically and optically) 
with the transparent n-type oxides. This thesis introduces the transparent, hole-transporting 
metal pseudohalide CuSCN as a potential candidate for opto/electronic applications. Extensive 
characterisation results, from chemical composition, crystallographic structure, thin-film 
morphology, optical properties to electronic structure, of CuSCN thin films are presented. 
Transparent p-channel TFT and circuit applications based on CuSCN are demonstrated for the 
first time. The possibility of employing CuSCN as the transparent hole-transporting layer in 
organic bulk-heterojunction PVs and OLEDs is also explored. Furthermore, the good 
reproducibility and stability of CuSCN-based TFTs allow the study of charge transport 
properties in CuSCN thin films by analysing the temperature dependence of the transistor 
characteristics. 
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Chapter 4  
Experimental Methods 
The methods employed to deposit Cu2O and CuSCN and fabricate thin-film transistors 
(TFTs) as well as various characterisation techniques used to study the properties of Cu2O and 
CuSCN thin films are presented in this chapter. Briefly, Cu2O and CuSCN thin films were 
prepared by spray pyrolysis and spin-casting, respectively. Cu2O films were deposited directly 
onto Si/SiO2 substrates already completed with photolithographically patterned ITO/Au 
electrodes, resulting in a bottom-gate bottom-contact (BG-BC) architecture. The same 
structure was also employed for CuSCN TFTs, but in addition, a top-gate bottom-contact (TG-
BC) architecture was also used for the latter. The dielectric layer and metal electrodes were 
deposited by spin-coating and thermal evaporation, respectively. The current-voltage ( I V ) 
characteristics of the transistors were measured by a semiconductor parameter analyser. The 
properties of the thin films were characterised by X-ray and ultraviolet photoelectron 
spectroscopy (XPS/UPS), optical transmission measurements, variable angle spectroscopic 
ellipsometry (VASE), atomic force microscopy (AFM), transmission electron microscopy 
(TEM), X-ray diffraction (XRD), and grazing-incidence wide-angle X-ray scattering 
(GIWAXS) measurements. 
All of the methods employed in this work are mostly standard, hence only a brief 
discussion of each technique is presented herein. Specific details of each experiment are given 
in the relevant discussion section. The exception is the calculation of the density of the 
localised states based on the subthreshold characteristics of transistors (Grünewald method), 
which has not been widely employed. More details are discussed for this method in the last 
section of this chapter.  
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4.1 Thin Film Deposition 
4.1.1 Spray Pyrolysis 
There are two basic steps of the spray pyrolysis technique. First of all, the solution is 
atomised into micrometre-sized droplets, which are then carried by an inert carrier gas onto 
the substrate surface. The second step involves chemical reactions taking place on the 
substrate which results in the thin film formation. The substrate is usually heated to the 
temperature required by the reactions. 
Both a manual airbrush and an automatic spray coater were employed in this work to 
deposit Cu2O films. The airbrush nozzle atomises the solution by the pressure of the carrier 
gas whereas the automatic spray coater (Sono-Tek ExactaCoat), equipped with an ultrasonic 
nozzle, atomises the solution by sonication. The spray pyrolysis technique has been studied 
extensively within the research group before by Bashir and Thomas. See their PhD theses 
(Refs. [207, 208]) for more details.  
4.1.2 Spin Coating 
Spin-coating is widely employed, especially in the early stage of research, as it is a 
simple technique and generally yields good quality thin films. During the rotation of the 
substrate, the centripetal force and the surface tension pull the solution into an even coating. 
Evaporation of the solvent also takes place leaving the film of the desired material. Spin-cast 
film is then usually baked or annealed to completely remove the solvent and to improve the 
quality of the film. The standard spin-coating routine was used in this work. 
4.1.3 Thermal Evaporation 
Gold (Au) and aluminium (Al) were used as the injecting source/drain and gate 
contacts in the transistor structure. The metals were deposited by thermal evaporation under 
high vacuum (10–6 mbar), which essentially involves passing a large current through a boat 
made of metal with high resistivity such as tungsten. The generated heat melts and evaporates 
the source material, and the vapour then deposits onto the substrate. Shadow masks were used 
to pattern electrodes with designs suitable for each structure. 
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4.2 Thin Film Characterisation 
4.2.1 X-ray and Ultraviolet Photoelectron Spectroscopy 
X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS) works on the same 
principle, i.e., exciting electrons with a high-energy source (X-ray for XPS and UV for UPS) 
and measuring the energy and number of electrons that can escape from the surface of the 
material. The energy of the X-ray allows the measurements of the electron energy spectrum to 
the core levels, allowing the determination of empirical formula and chemical state of the film. 
On the other hand, the energy of the UV source is more suitable for the study of the valence 
electrons, the spectrum of which can be analysed to obtain information regarding the valence 
band structure of the material. The XPS and UPS measurements were performed on CuSCN 
thin films by colleagues from Prof. Aram Amassian’s group at King Abdullah University of 
Science and Technology (KAUST), Saudi Arabia.  
4.2.2 Ultraviolet-Visible-Near-Infrared Spectroscopy 
 The optical transmission of the thin films was measured by the ultraviolet-visible-
near-infrared (UV-Vis-NIR) spectroscopy technique. The relative intensity of light transmitted 
through the sample of Cu2O or CuSCN film on glass was collected. The results were 
referenced to the measurement of a bare substrate to obtain the transmission spectra of Cu2O 
and CuSCN, which were then used to calculate the absorption spectra. For CuSCN, 
reflectance measurement was also enabled by the use of an integrating sphere, which allowed 
a more accurate calculation of the absorption. The optical band gaps optgE  were obtained from 
the plots of  nh   vs h  (i.e., Tauc plot), where   is the absorption coefficient (absorbance 
divided by film thickness), h  is the Planck constant, and   is the light frequency, and 2n   
for a direct gap or 1/2 for an indirect gap. By extrapolating the linear part of the plots to the 
energy axis, optgE can be determined. Optical transmission measurements and the Tauc plot 
analysis were performed on both Cu2O and CuSCN samples. 
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4.2.3 Spectroscopic Ellipsometry 
Ellipsometry characterises the change in the polarisation of the incident light upon 
reflection or transmission from a thin film. The results are then modelled to obtain the real and 
imaginary part of the dielectric constant of the material. Spectroscopic ellipsometry involves 
performing the measurement over a spectral range that also covers UV-Vis-NIR region. The 
ellipsometry measurements were performed on CuSCN samples by colleagues from Prof. 
Aram Amassian’s group at King Abdullah University of Science and Technology (KAUST), 
Saudi Arabia.  
4.2.4 Atomic Force Microscopy 
Atomic force microscopy (AFM) was used to study the morphology of the thin films. 
The measurements in this case were carried out in a tapping mode (or AC mode). The AFM 
operation of this mode involves scanning a cantilever, driven by an AC signal near its resonant 
frequency, across the surface. The interactions between the surface and the nanoscale tip of 
the cantilever results in the changes in the frequency and amplitude of the cantilever vibration, 
which can be detected by a laser beam. The feedback loop adjusts the distance between the tip 
and the surface to maintain the amplitude of the oscillation. The adjusted distance can be 
translated into a topographical profile of the surface. Phase and amplitude profiles are also 
recorded in the tapping mode operation. AFM measurements were performed on both Cu2O 
and CuSCN thin films. 
4.2.5 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is an imaging technique that uses an 
electron beam instead of light. High resolutions are possible due to the short de Broglie 
wavelengths of the electrons. Electron diffraction pattern can also be analysed to obtain the 
information of the crystal structure of the material. The TEM imaging was performed on 
CuSCN samples by colleagues from Prof. Aram Amassian’s group at King Abdullah 
University of Science and Technology (KAUST), Saudi Arabia.  
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4.2.6 X-ray Diffraction and Grazing-Incidence  
Wide-Angle X-ray Scattering 
X-ray diffraction (XRD) measurements map the angle and intensity of the X-ray 
diffracted by the specimen. The crystallographic planes with a well-defined spacing only 
reflect the X-ray at a certain angle, yielding a peak in the intensity. By scanning across a range 
of angles, an XRD pattern is produced, and the crystal structure can be interpreted.  XRD 
measurements of Cu2O samples were performed by Dr. Martyn A. McLachlan from the 
Department of Materials, Imperial College London while the measurements of CuSCN 
samples were carried out by colleagues from Prof. Aram Amassian’s group at King Abdullah 
University of Science and Technology (KAUST), Saudi Arabia. 
Grazing-incidence wide-angle X-ray scattering (GIWAXS) is based on the same 
principle of XRD, i.e., periodic structures generate specific X-ray scattering patterns. In the 
case of GIWAXS, an X-ray beam is incident on a thin film sample at a small angle and a two-
dimensional detector then records the wide-angle scattering pattern both in the in-plane and 
out-of-plane directions. The data can be used to study the orientation of the crystals or 
molecules on the surface. GIWAXS measurements were performed on CuSCN samples by 
colleagues from Prof. Aram Amassian’s group at King Abdullah University of Science and 
Technology (KAUST), Saudi Arabia, using the facility at Stanford Synchrotron Radiation 
Laboratory, Stanford, CA, USA. 
4.3 Transistor Fabrication and Characterisation 
Thin-film transistors (TFTs) were fabricated using a combination of the thin-film 
deposition techniques listed in Section 4.1. Two TFT architectures were employed in this 
work. Bottom-gate bottom-contact (BG-BC) TFTs were prepared by depositing thin films of 
Cu2O (by spray pyrolysis) or CuSCN (by spin-coating) onto Si substrates with 200-nm SiO2 
and 10-nm/30-nm ITO/Au electrodes (Fraunhofer IPMS). In addition, CuSCN was also 
incorporated into top-gate bottom-contact (TG-BC) TFTs. The fabrication steps of the latter 
included: (1) thermal evaporation of bottom Au S/D electrodes, (2) spin-coating of CuSCN, 
(3) spin-coating of dielectric, and (4) thermal evaporation of Al gate electrodes. All fabrication 
steps of CuSCN-based TFTs were carried out in dry nitrogen atmosphere. 
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The transfer and output curves of the transistors were recorded with a semiconductor 
parameter analyser and used for the calculations of performance metrics as discussed in 
Section 2.3.4.   
4.4 Density of States Calculation 
As discussed in Section 2.2.2, the distribution (or more specifically the density of 
states, DOS) of the localised states within the mobility gap greatly influences the charge 
carrier transport in semiconductors, especially the non-crystalline semiconductors. 
Spectroscopic techniques or Kelvin probe measurements can be used to study the DOS 
directly. In addition, the transfer characteristics of transistors can also be analysed to obtain 
the DOS using the method introduced by Grünewald et al. [209]. A comparative study by 
Kalb et al. [210] have shown that the Grünewald approach yields reasonably good and 
consistent results compared to other methods of extracting the DOS of localised states. The 
distinct advantage of the Grünewald analysis is that it can be applied directly to the transfer 
characteristics of the transistors. More details of the derivation of the method can also be 
found in the MRes thesis of Mottram [211].  
Briefly, the central part of the Grünewald analysis is based on the equation for charge 
carrier concentration, i.e., for holes  
    1 ,p g E f E dE      (4.1) 
where p  is the hole concentration,  g E  is the hole density of states, and  f E  is the 
Fermi-Dirac distribution. It can be recognised that  g E  can be obtained by deconvoluting 
Eq. (4.1) provided that p  is known.  
According to Grünewald et al. [209], by mathematically manipulating the Poisson 
equation, p  can be expressed as a function of the surface potential 0V , which is the potential at 
the semiconductor/dielectric interface, as 
  
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where GV  is the gate voltage relative to the flat band voltage ( G G FBV V V  ), iC  is the 
geometric capacitance of the dielectric, s  is the dielectric constant of the semiconductor, and 
0  is the vacuum permittivity. In turn, 0V  can be obtained by numerically solving the equation 
[209] 
    0 0
0 0
exp 1 ,i s D G G D G G
s
qV qV qC d I V V I V dV
kT kT kT I 
           
      (4.3) 
where sd  is the thickness of the semiconductor and 0I  is the background current in the 
semiconductor when the transistor is off (i.e., the off-current without the gate leakage current).  
The procedure starts by numerically solving Eq. (4.3) which takes  D GI V  from the 
measured transfer characteristics as the input and yields 0V  as a function of GV  or  0 GV V  as 
the output. The result is then used in Eq. (4.2) to obtain  0p V . Finally, the deconvolution of 
Eq. (4.1) is obtained, by using the zero-temperature approximation for the Fermi-Dirac 
function [210], as  
    0
0
1 ,dg E p V
q dV
   
   (4.4) 
where 0E qV .  
  It should be noted that some assumptions are made during the derivation of the 
procedure. The current is firstly assumed, based on the Boltzmann approximation, to be given 
by [209] 
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 
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 
   (4.5) 
This also implies that the mobility edge model is inherently assumed, i.e., only charge carriers 
in the extended states contribute to the current (see more detailed derivation in Ref. [211]). 
During the manipulation of the Poisson equation, it is also assumed that the semiconductor is 
thick enough such that the electric field is zero at the source/drain contacts although 
Grünewald et al. state that the field may be neglected for GV kT q  [209]. Also, the use of 
one of the boundary conditions for the Poisson equation requires 0x  , meaning that the 
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analysis yields the DOS at the interface. It may be assumed that the semiconductor is 
homogeneous if the result is to be used to represent the whole sample. The effects of the fixed 
charges at the interface are, however, already taken into account by considering the current 
starting from the flat-band conditions; hence the obtained DOS should only contain 
information regarding the localised states in the semiconductor.  
 
Figure 4.1. Examples of the relationship between (a) the localised states DOS and (b) the transfer 
characteristics. A semiconductor with a narrower DOS (i.e., smaller tE ) corresponds to a TFT with 
better transfer characteristics (i.e., smaller THS  and larger FE ) as shown by the solid lines (labelled as 
graphs 1). On the other hand, a semiconductor with a wider DOS (i.e., larger tE ) leads to a TFT with 
poorer transfer characteristics (i.e., larger THS  and smaller FE ) as shown by the dashed lines (labelled 
as graphs 2).  
 The relationship between the transfer characteristics and the localised states DOS that 
the Grünewald analysis seeks to elucidate can be explained qualitatively as the following. 
Consider hole-transporting semiconductors (with localised states above the hole mobility edge 
VE ) which yield p-channel TFTs. The TFT transfer characteristics also contain the 
information regarding the rate of energy states filling in the rate of increase of the current with 
respect to the voltage. As the magnitude of the gate voltage increases, more carriers are 
induced in the semiconductor as the Fermi level FE  moves closer to the mobility edge. The 
presence of the localised states in the mobility gap, however, means that the majority of the 
carriers will fill the states deep in the tail first before occupying the shallower states. For a 
semiconductor with a narrower localised states DOS, i.e., having a smaller tE  [solid line 
labelled as graph 1 in Figure 4.1(a)], the DOS is filled more quickly, and FE  approaches VE  
faster with the increasing magnitude of GV . Recall the MTR transport (Section 2.2.3.1): 
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carriers in the shallower localised states are easier to be released to the extended states which 
can contribute to the current. The faster rate of filling the shallow states also leads to the faster 
rate of increase of DI , corresponding to a TFT with a transfer curve with smaller THS  [solid 
line labelled as graph 1 in Figure 4.1(b)]. On the other hand, a semiconductor with a wider 
localised states DOS (larger tE ) would lead to a slower rate of states filling, and hence a TFT 
with larger THS  [dashed lines labelled as graphs 2 in Figure 4.1(a) and (b)]. Also, recall that 
the calculation of FE  inherently depends on the ratio of mobile carriers to the total induced 
carriers [Eq. (2.26)], the semiconductor with a narrower localised states DOS would yield a 
higher FE .   
 The Grünewald method is based on this analysis but works backwards, i.e., starting 
from the transfer curves, the DOS can be obtained. It should be pointed out that the method 
does not assume the shape (or the mathematical form) of the DOS, and the result only depends 
on the input transfer curve. As presented in Chapter 5 and Chapter 7, the analyses of transfer 
curves of Cu2O and CuSCN TFTs also reveal that their localised states DOS are also of an 
exponential form.  
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Chapter 5  
Copper(I) Oxide p-Channel  
Transistors by Spray Pyrolysis 
Cuprous oxide (Cu2O) is one of the few hole-transporting metal oxides that have been 
employed as an active semiconducting material in transistor applications (see Chapter 3). 
Most of the techniques used to fabricate Cu2O thin films and TFTs are typically physical 
vapour deposition methods, such as pulsed laser deposition (PLD) and sputtering. However, 
with the applications geared towards cost-effective and large-area electronics, new processing 
routes are required, resulting in an increasing interest in solution-processing techniques.  
Spray pyrolysis (SP) is one such method, and its success with n-type metal oxides and 
dielectrics has been demonstrated. This chapter extends the technique further by adding the p-
type compatibility. The development of the recipe will be shown, followed by the 
demonstration of the first p-type oxide-based TFTs from spray pyrolysis. 
5.1 Electronic Properties of Cu2O     
Cu2O has a simple cubic lattice with Cu on fcc sub-lattice sites and O on bcc sub-
lattice sites [137]. Figure 5.1(a) and (b) show the Cu2O unit cell based on the former and latter 
sub-lattices, respectively. The O site is coordinated with 4 Cu sites, forming a tetrahedron, 
while the Cu site is connected to 2 O sites in a linear fashion.  The concentrations calculated 
from the dimensions of the unit cell are 2.52×1022 cm–3 and 5.05×1022 cm–3 for O and Cu, 
respectively, and the density of the material is 6.10 g cm–3 (see Table 5.1). 
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Figure 5.1. Unit cells of Cu2O positioned on (a) Cu fcc sub-lattice and (b) O bcc sub-lattice. The lighter 
spheres are Cu atoms whereas the darker spheres are O atoms. [By Ben Mills (Own work) [Public 
domain], via Wikimedia Commons.] 
Table 5.1. Crystallographic and electronic data of Cu2O. 
Parameter Value  
Crystal structure Cubic  
Space group 3Pn m    
Lattice constants [212]   
a 4.27 Å 
Z 2  
Unit cell volume 77.85 Å3 
Atomic concentrations   
O 2.52×1022 cm–3 
Cu 5.05×1022 cm–3 
Density 6.10 g cm–3 
Interatomic distances   
Cu–O 1.85 Å 
O–O 3.68 Å 
Cu–Cu 3.02 Å 
Band gap [137] 2.17 (direct) eV 
 at 4.2 K  
Effective masses [67]   
*
em   0.99 0m   
*
lhm  0.58 0m   
*
hhm   0.69 0m  
Surface potentials [213]   
Electron affinity 3.20 eV 
Ionisation energy 5.25 eV 
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The measured band gap of Cu2O is 2.17 eV (direct) at 4.2 K or 2.1 eV around room 
temperature, which also corresponds to the limit of the yellow excitonic series. Low-
temperature measurements also reveal other excitonic series at 2.30, 2.62, and 2.76 eV, which 
are associated with the green, blue, and violet series, respectively [see Figure 5.2(a)] [137, 
213]. The lowest transition at 2.17 eV is actually dipole-forbidden due to the same parity of 
the VB and CB states ( 7 v 6 c
    ), and the strong absorption is usually observed for energy 
higher than 2.4 eV. The optical band gap optgE  extracted from the Tauc plot is therefore 
typically reported as larger than the actual band gap and in the range of 2.4–2.7 eV [142, 143, 
213-216]. The values of the electron affinity and ionisation energy for Cu2O are reported as 
3.20 and 5.25 eV, respectively [213].  
Figure 5.2(b) shows the full electronic structure of Cu2O as calculated by Ruiz et al. 
[61] whereas Figure 5.2(c) displays the results from the angle-resolved photoelectron 
spectroscopy (ARPES) in the M-Γ-M direction by Ӧnsten et al. [54] which allows the direct 
measurement of the valence band structure. The solid lines and dashed lines in the left and 
right panels of Figure 5.2(c) are the computational results which are overlaid to compare with 
the experimental results. It has been found that Cu 3d hybridises with O 2p near the VBM and 
dominates this region down to ~ –4 eV. The O 2p becomes pronounced in the deeper region of 
~ –6 to –7 eV whereas the structure between –4 and –5 eV is a result of the mixing between 
Cu 3d and Cu 4s states [54]. On the other hand, the CBM of Cu2O is strongly dominated by 
the Cu 4s state. The results of effective masses as measured by cyclotron resonance4 [67] 
show that electrons have larger values than holes, i.e., * 00.99em m  while 
*
00.58lhm m  and 
*
00.69hhm m . Although the theoretical calculations do not yield accurate values (compared to 
experimental results), they show that the hole effective mass is highly anisotropic whereas the 
electron effective mass is almost isotropic. This can be related to the different symmetries of 
the Cu 3d and Cu 4s states which dominate the VBM and CBM, respectively [61]. The 
measured Hall mobilities of Cu2O have been reported as high as ~100 cm2 V–1 s–1 (see Table 
3.1).  
                                                   
4 The measured masses are polaronic, i.e., the masses of carriers dressed by longitudinal optical phonons in 
this case. By assuming the Fröhlich polaron type (or large polaron where the lattice deformation due to the 
presence of the charge spreads over many lattice sites – which may be expected in Cu2O whose ionicity is 
not strong),  the polaronic effects lead to the increase in the effective masses of carriers. The authors have 
calculated the band masses to be 
0
0.93
e
m m , 
0
0.56
lh
m m , and 
0
0.66
hh
m m  [2]. 
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Figure 5.2. (a) Energy levels close to the band edges of Cu2O showing the possible electronic 
transitions. (Reproduced from Ref. [213]) (b) Electronic band structure of Cu2O from computational 
method [61]. (Reprinted figure with permission from E. Ruiz et al., Physical Review B, vol. 56, p. 
7189, 1997. Copyright 1997 by the American Physical Society. http://journals.aps.org/prb/abstract/ 
10.1103/PhysRevB.56.7189) (c) Electronic band structure of Cu2O obtained from ARPES 
measurements. The two subpanels are overlaid with different computational results [54]. (Reprinted 
figure with permission from A. Önsten et al., Physical Review B, vol. 76, 115127, 2007.  
Copyright 2007 by the American Physical Society. http://journals.aps.org/prb/abstract/10.1103/ 
PhysRevB.76.115127) 
Raebiger et al. [138] have carried out a theoretical study on the origin of p-type 
conductivity in Cu2O and proposed that the copper ion vacancies VCu are the main source of 
holes. Their results show that the formation energy of VCu is low in both Cu-rich and Cu-
deficient growth conditions, and its defect ionisation energy lies at 0.28 eV above the VBM. 
Split copper vacancies splitCuV , in which one remaining Cu moves towards the vacancy site, can 
also generate holes and have slightly higher formation energy than VCu.  Another possible hole 
contributor is the oxygen interstitials Oi, but they have a higher formation energy and form 
defect levels deeper in the gap, and hence are not the likely origin of p-type conductivity. 
Also, the authors point out that it is crucial that the compensating defects (or hole killers) are 
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absent, and their calculations suggests this is the case. The oxygen vacancies VO, albeit having 
a low formation energy, are electrically neutral and do not compensate the holes. On the other 
hand, Cu interstitials have a hole-compensating positively charged state iCu
 , but their 
formation energy is too high. In addition, Scanlon et al. [217], using a different computational 
approach, have also reported that VCu lies closest to the VBM of Cu2O at 0.22 eV. Their 
results, however, show that splitCuV  have similar formation energy to that of VCu with an energy 
level at 0.47 eV. The authors corroborate their results by comparing their calculated defect 
levels of VCu and splitCuV  to the trap levels found at 0.21–0.25 eV and 0.45–0.50 eV measured by 
the deep level transient spectroscopy (DLTS) [218, 219].  
There have also been attempts to extrinsically dope Cu2O with a wide range of 
impurities, among which N, Si, Cd, Mn, In, and Cl are shown to increase the p-type 
conductivity. Other impurities which have been tried but do not produce any significant 
change or instead reduce the conductivity include Ni, Be, Tl, Fe, Al, Cr, Na, Ag, S, and P. See 
a review and discussion in Ref. [213]. There are a small number of papers on n-type Cu2O 
[220-222] which mainly report that Cu2O prepared from electrochemical deposition can 
exhibit n-type conductivity under acidic conditions. The stability of n-type Cu2O and how it 
can be achieved are still controversial. Some have argued that the origin of the n-type 
character is the native defects [222], which is in drastic contrast with theoretical predictions 
[138, 217, 223]. An alternative explanation has also been offered based on the creation of an 
inversion layer (from band bending) at the surface due to Cu2+ adsorption [224]. 
5.2 Deposition of Cu2O by Spray Pyrolysis 
As mentioned earlier that the spray pyrolysis technique has been employed to deposit 
high-quality n-type semiconducting and dielectric oxide thin films as well as demonstrate 
TFTs with high mobility based on such materials [21-27]. As a result, it is of great interest to 
develop a spray pyrolysis recipe for p-type oxides to expand the material set as well as to 
highlight the capability of the method for large-area electronics.  
Preliminary experimental work was carried out in the group prior to this research work 
(results not published) to explore the possibility of depositing p-type oxide films with spray 
pyrolysis and to test the suitability of various copper(II)-based precursors: copper(II) nitrate 
[Cu(NO3)2], copper(II) chloride (CuCl2), copper(II) acetate anhydrous [Cu(CH3COO)2], and 
copper(II) acetate monohydrate [Cu(CH3COO)2·H2O]. It was found that the acetate salts 
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yielded best results in terms of homogeneity of the films and reproducibility. Kosugi and 
Kaneko [214] also reported successful results of depositing Cu2O films by spray pyrolysis 
using the hydrated acetate precursor. As a result, this work also focuses on the same precursor, 
and the recipe by the said authors is chosen as the ground for the demonstration of p-type 
oxide TFTs from spray pyrolysis.  
According to Kosugi and Kaneko, the starting solution contains copper(II) acetate 
monohydrate, glucose, and 2-prapanol (or isopropanol, IPA) in water. Glucose is used to 
reduce Cu2+ while IPA improves the wettability of the solution on the substrate surface. The 
authors speculate that the reaction following the atomising of the solution proceeds by: (1) the 
solution droplets arriving on the heated substrate surface and glucose reducing Cu2+ to Cu0; (2) 
metallic copper clusters forming and condensing; (3) oxygen molecules from the ambient air 
oxidising copper clusters to Cu2O clusters; and (4) Cu2O clusters growing and densifying. The 
XRD analysis of the products obtained from different temperatures substantiate the reaction 
sequence. At temperatures too low, the product contains metallic Cu mixed with Cu2O while 
at high temperatures, over-oxidation occurs yielding a mixture of Cu2O and CuO. In between 
the two extremes is a range of intermediate temperatures where only Cu2O is found as a 
product (within the detection limit of XRD). The evolution from Cu + Cu2O to Cu2O and to 
Cu2O + CuO with increasing temperature suggests that the droplets first form metallic Cu 
phase before the oxidation take places. The authors also show that the temperature range 
which yields single phase Cu2O narrows down with increasing copper(II) acetate 
concentration and becomes unavailable for concentration higher than 50 mM. Glucose is 
needed in equal or larger molar concentration as the precursor, or the reduction is otherwise 
not sufficient, and the resulting product would the mixed phase of CuO with Cu2O. Lastly, 
IPA does not have the effects on the phase of the product and only dilutes the solution when 
added. The authors have summarised the empirical conditions that yield films with more than 
95% Cu2O content as listed in Table 5.2.  
Table 5.2. Conditions for obtaining > 95% Cu2O from spray pyrolysis. (Reproduced from Ref. [214] 
with permission from John Wiley and Sons.) 
Parameter Value 
Copper(II) acetate monohydrate concentration, C < 0.05 M 
Substrate temperature, T 700 128 150 251C T C      
Glucose concentration 0.04 M 
2-propanol concentration 20%vol 
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Reports on the thermal decomposition of Cu(CH3COO)2·H2O precursor in air [225, 
226] show that the dehydration takes place in the temperature range of 110–170 °C, which is 
followed by the decomposition in the 170–300 °C range. The substrate temperatures that result 
in single phase Cu2O reported by Kosugi and Kaneko also lies in the latter range, i.e., 230–270 
°C for a precursor concentration of 20 mM and 270–280 °C for 40 mM. However, the final 
product of the decomposition is found to be a mixed phase of metallic Cu, Cu2O, and CuO. 
Although this should not be directly compared with the product from the spray pyrolysis 
because the kinetics of the processes [thermal decomposition studied by thermogravimetry 
(TG) and differential thermal analysis (DTA)] is expected to be different, the role of glucose 
in controlling the reaction may still be highlighted. As shown by the results of Kosugi and 
Kaneko, the insufficient amount or lack of glucose also leads to a mixed phase of Cu2O and 
CuO or just CuO in the extreme case. The preliminary tests carried out prior to this work also 
indicated similar issues. Cu2O films were sometimes obtainable from the solution of only 
copper(II) acetate monohydrate in water, but the reproducibility and film quality were poor.  
On the other hand, the use of glucose first reduces Cu2+ to Cu0 [227, 228], and by 
maintaining the temperature not to exceed 300 °C, the product of copper oxidation is Cu2O 
instead of CuO [214, 229]. In this respect, the addition of glucose may allow better control of 
the final product of the reactions. Although more in-depth chemical analysis is required to 
clearly elucidate this point, the recipe of copper(II) acetate monohydrate mixed with glucose is 
taken as the basis of this research work. The guidelines given in Table 5.2 by Kosugi and 
Kaneko [214] were used as a starting point. A number of parameters of the solution and 
depositing conditions, as summarised in Table 5.3, were varied to optimise the spray pyrolysis 
process. The solution was prepared by adding 20 ml of deionised (DI) water to a mixture 
containing predetermined amount of Cu(CH3COO)2·H2O and glucose (equal molar amount of 
each) and stirring for approximately 15 min until complete dissolution. Before spraying, the 
solution was added with IPA and stirred for another 15 min until the solution became 
homogenous. For each of the sample conditions, the films were deposited by manual spray 
pyrolysis using an air brush and dry N2 as the carrier gas onto glass and Si++/SiO2 substrates in 
ambient atmosphere. The Si substrates had a dielectric layer of 200-nm SiO2 and S/D contacts 
of ITO/Au (10/30 nm) pre-patterned with standard photolithography (Fraunhofer IPMS). 
Depositing films on these Si substrates resulted in BG-BC TFT structures. The coating was 
performed for 15 s with a 1-min interval between each coat and carried on until the solution 
was spent.  
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Table 5.3. Spray pyrolysis parameters employed in the experiments. Also shown in the last column is 
the resulting film appearance. 
      
Sample 
number 
Initial precursor 
concentration†  
(mM) 
Amount of 
added IPA 
(%vol) 
Final precursor 
concentration 
(mM) 
Substrate 
temperature 
(°C) 
Film 
appearance 
SP01 20 20 16.7 175 Opaque 
SP02 20 20 16.7 225 Opaque 
SP03 20 20 16.7 275 Translucent 
SP04 20 0 20.0 275 Opaque 
SP05 20 10 18.2 275 Opaque 
SP06 20 40 14.3 275 Translucent 
SP07 20 60 12.5 275 Translucent 
SP08 20 80 11.1 275 Translucent 
SP09 20 40 14.3 250 Opaque 
SP10 20 40 14.3 275 Translucent 
SP11 20 40 14.3 300 Translucent 
SP12 40 40 28.6 275 Translucent 
SP13 60 40 42.9 275 Opaque 
† Cu(CH3COO)2·H2O and glucose in equal concentration 
Preliminary examinations to assess the quality and phase of the films were carried out 
by visual inspection, optical microscope, and UV-Vis-NIR measurement of films on glass 
while electrical characteristics were evaluated from the performance of the resulting TFTs. 
The effects of annealing on the electrical characteristics were also studied by subjecting the 
TFTs to 12-h annealing at 200 °C in nitrogen and ambient atmosphere after the first TFT 
measurement and then re-measuring again. The conditions corresponding to the best Cu2O-
based transistor (in terms of FE  and 
on off
DI
 ) were then transferred to the automatic ultrasonic 
spray coating machine. The parameters for the system were taken from previous experiments 
on n-type ZnO and oxide dielectrics: solution feed rate of 1.5 ml min–1, dry N2 carrier gas 
pressure of 2 bar, and nozzle speed of 70 mm s–1 [230]. The number of coats was varied from 
4, 6, and 8 to find the appropriate thickness of the films. Glass substrates and Si++/SiO2 wafers 
with pre-patterned S/D electrodes were used as in the case of the manual spray coating. In 
addition to the optical and electrical characterisation, the samples produced using the 
automatic machine were also analysed with XRD and AFM to determine the crystallographic 
structure, phase, and morphology of the films. The results of Cu2O thin films and transistors 
from spray pyrolysis are discussed in the next section. 
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5.3 Cu2O Thin Films and p-Channel Transistors from  
Spray Pyrolysis 
This section discusses the results of the experiments described in the previous section, 
most of which have been published in Ref. [230]. The films on glass substrates from the 
preliminary runs using manual spray pyrolysis and conditions listed in Table 5.3 can be 
broadly divided into two groups: one which appears highly inhomogeneous, rough, semi-
opaque, and, rusty-metal-like, and the other which appears translucent deep yellow and more 
homogeneous. The conditions corresponding to latter group of samples are designated in bold 
typeface in Table 5.3. The micrographs taken with the optical microscope in reflection mode 
of the representatives from the semi-opaque and translucent yellow films are shown in Figure 
5.3(a) and (b), respectively. The circular features [more apparent in Figure 5.3(a) while only 
visible as outlines in Figure 5.3(b)] with diameters between 50–80 µm may correspond to 
clusters formed when the atomised droplets arrived at the substrate surface. According to the 
reaction sequence suggested by Kosugi and Kaneko, the rough, semi-opaque films are 
possibly under-oxidised with a significant amount of copper remaining while the translucent 
yellow films may predominantly be Cu2O. Figure 5.3(c) shows a representative set of 
transmission/absorption spectra and Tauc plot (inset) of the translucent yellow films. The 
optical band gaps optgE  of this set of films are in the range of 2.5–2.6 eV, which is in good 
agreement with the reported optgE  values of Cu2O in literature [142, 143, 213-216]. As 
explained earlier, the transition at the fundamental gap level (2.17 eV) is dipole-forbidden, and 
the absorption is strong for E > 2.4 eV.  
The conditions that yield Cu2O-predominant films (SP03, 06–08, and 10–12 in Table 
5.3) are in accordance with those of Kasugi and Kaneko. In the parameter space studied here, 
the minimum substrate temperature is found to be 275 °C, and the appropriate precursor 
concentration is between 20–40 mM before IPA addition or between 10–30 mM after IPA 
addition (which effectively dilutes the solution). However, the mixing of IPA with water 
appears to be somewhat necessary as conditions with the appropriate amount of precursor and 
temperature but with inadequate or no IPA (SP04 and SP05 in Table 5.3) do not produce 
Cu2O-based films. It may be possible that in such cases, the droplets do not wet the surface 
amply, limiting the heat transfer and resulting in insufficient local temperature for the 
oxidation. 
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Figure 5.3. Representative optical micrographs of (a) opaque films and (b) translucent yellow films. (c) 
Optical transmission (blue line) and absorption (red line) spectra of translucent yellow Cu2O film. The 
inset shows the Tauc plot used to determine optgE . (Author’s own work [230], reproduced with 
permission from AIP Publishing LLC.)   
The semi-opaque films are highly inhomogeneous on the macroscopic scale (visible to 
the eye) and do not produce operational TFTs. On the other hand, the as-sprayed translucent 
yellow films show current conduction typically in the range of 10–6–10–5 A with small field 
effect when incorporated in the BG-BC TFTs. The gate modulation of DI  is less than one 
order of magnitude due to the high background current which cannot be turned off and may 
suggest the presence of remnant metallic Cu phase in the films. Nevertheless, the devices 
show a hint of p-channel operation as the magnitude of DI  increases with more negative GV . 
Because of the poor transistor characteristics, their FE  cannot be properly calculated but 
estimated to be in the range of 10–5–10–4 cm2 V–1 s–1. Annealing the TFTs in dry nitrogen 
atmosphere does not lead to any significant changes of their characteristics; on the other hand, 
ambient annealing results in the reduction of the background current and consequently the 
increase in the gate modulation. In particular for air-annealed TFTs based on recipe SP12, the 
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background current decreases by 2–3 orders of magnitude to 10–9–10–8 A and can now be 
considered as the drain off-current as it does not significantly change with GV  when the 
transistors are not turned on. The devices now show clearer p-channel characteristics (transfer 
and output curves of similar devices but produced with the automatic spray coater shown 
below in Figure 5.6) with the magnitude of DI  increasing by 10
2–103 with more negative GV , 
i.e., yielding on offDI
  of 102–103, and operate in the enhancement mode with THV  around –60 to 
–70 V. FE  can now be calculated, and both lin  and sat  are  between 10
–4–10–3 cm2 V–1 s–1 
with sat  slightly larger than lin . Other conditions which also yield translucent yellow films 
also lead to p-channel TFTs but with poor gate modulation even after annealing in air. The 
decrease in the background current upon ambient annealing still persists, but the channel on-
current is low with on offDI
  less than 10. Compared to other sets of spraying conditions which 
produce Cu2O-predominant films (SP03, 06–08, 10, and 11), SP12 features higher 
concentration of copper(II) acetate monohydrate, which may suggest that the resulting films 
are more densely-packed, possibly leading to better conduction between the grains. However, 
if the concentration is too high (as in SP13), the films become semi-opaque and are likely to 
be composed mainly of unoxidised copper, which is also consistent with the results of Kosugi 
and Kaneko. They have found that higher concentrations require higher temperatures to obtain 
Cu2O, probably suggesting the difference in the kinetics of the reactions, e.g., it may be more 
energetically expensive to oxidise the denser films. Also, in their report, when the 
concentration is higher than 50 mM, pure phase Cu2O is unattainable, which may further 
imply that the temperatures required for films denser than a critical point are already too high 
such that Cu2O is oxidised to CuO, which is the more stable oxide phase of copper under 
ambient conditions.   
The rather universality (among the Cu2O films studied here) of background current 
reduction upon annealing in air may also indicate that the as-sprayed films contain 
considerable amount of the metallic Cu which later becomes oxidised. Whether this Cu0 is 
phase-separated and forms a conduction pathway between the S/D electrodes or creates 
conductivity-contributory defect/impurity levels in the electronic band gap of Cu2O is still an 
open question. At this point, the SP12 conditions, which include precursor concentrations [of 
both copper(II) acetate monohydrate and glucose in DI water] of 40 mM, IPA addition of 
40%vol, and substrate temperature of 275 °C, are transferred to the automatic spray coater 
(Sono-Tek ExactaCoat with an ultrasonic spray nozzle) with an expectation to improve the 
electrical characteristics and/or increase the consistency of the films. 
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Three thicknesses of Cu2O films were produced from 4, 6, and 8 coats using the spray 
coater. Measurements with the profilometer yield values of ~28, ~40, and ~60 nm, 
respectively. All films are translucent yellow with optical transmission spectra similar to that 
shown in Figure 5.3(c). TFTs produced with 4 and 6 coats of Cu2O show similar performance 
to those produced from the same conditions using the air brush with the 6-coat films 
exhibiting 10% higher channel on-current. Both cases show the reduction of the background 
current after air annealing, and annealed devices operate in the enhancement mode with THV  
close to –70 V. On the other hand, TFTs produced with 8 coats display high background 
current which does not decrease appreciably upon ambient annealing, and devices continue to 
operate in the always-on mode ( THV  cannot be determined due to the highly non-ideal 
characteristics). The high remnant conductivity even after annealing may imply that the 
oxidation is limited in the case of thicker films.  
The 6-coat films (as-sprayed and air-annealed) are selected for further characterisation 
with XRD and AFM to study the crystal structure, phase, and morphology. The XRD results 
along with the diffraction patterns of powder reference CuO and Cu2O are displayed in Figure 
5.4. Both as-sprayed and annealed films exhibit similar results. The broad background signal 
at low angles can be attributed to the amorphous glass substrates while diffraction peaks at 
29.44°, 36.50°, 42.39°, 61.58°, and 73.77° are assigned to the diffraction from (110), (111), 
(200), (220), and (311) planes of Cu2O, respectively. Among the diffraction peaks, the signals 
from (111) and (200) planes may be used to confirm the Cu2O phase in the films, and within 
the detection limit of the XRD, the impurity phases, e.g., Cu and CuO, cannot be identified. 
However, as mentioned previously, the high background conductivity in the films that can be 
reduced by annealing in air implies the under-oxidation and possibly the inclusion of Cu phase 
in the as-sprayed films. The fact that its signals do not show up in the XRD data may suggest 
that the Cu phase is not segregated and probably exists as impurity or defect states within 
Cu2O phase. Nevertheless, Cu2+ or CuO, which is the more thermodynamically stable phase 
under ambient conditions, cannot be completely ruled out either. More in-depth chemical and 
defect analyses are required to elucidate this issue but is out the scope of the current research.  
The effects of annealing are not apparently evident in the XRD data. The annealed 
sample shows slight increases in intensities and minimal reductions in widths of the peaks.  
The crystallite size based on the (111) peak and calculated using the Scherrer formula 
marginally increases from 11.3 to 11.6 nm upon annealing. AFM topographical images of as-
sprayed and annealed films shown in Figure 5.5(a) and (b) also portray a similar point, i.e., the 
grain size does not significantly change after the film is annealed. The average grain sizes of 
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the two samples observed from the AFM images are approximately 18 nm. However, the 
standard deviation of the grains statistics of the annealed film is lower at 4.9 nm compared to 
5.5 nm of the as-sprayed film, also illustrated by the histograms in Figure 5.5(c). This is also 
concurrent with the decrease in the roughness of the film as measured by the root mean square 
(RMS) of the topographies, i.e., 3.53 and 2.73 nm before and after annealing, respectively. 
The two observations show that the annealing step also helps improve the uniformity of the 
films in addition to reducing the remnant conductivity as discussed above. 
 
Figure 5.4. XRD results of as-sprayed (green line) and annealed (red line) Cu2O films deposited by 
spray pyrolysis. The crystallographic planes assigned to the peaks are annotated in the figure. 
Diffraction patterns of powder Cu2O (blue line) and CuO (black line) are also shown as references. 
(Author’s own work [230], reproduced with permission from AIP Publishing LLC.)   
 
Figure 5.5. Topographical images of (a) as-sprayed and (b) annealed Cu2O films from AFM 
measurements. (c) Histograms of grain statistics. (Author’s own work [230], reproduced with 
permission from AIP Publishing LLC.)   
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Figure 5.6 shows the representative results of the BG-BC p-channel TFTs (with W of 
10 mm and L of 20 µm) based on Cu2O films using the conditions listed as SP12 in Table 5.3. 
Specifically, these transfer and output characteristics are from TFTs based on 40-nm films (6 
coatings) deposited with the automatic spray coater although they represent films deposited 
with the manual air brush as well. The p-channel operation can be clearly observed in both 
transfer and output curves. The channel off-current is on the order of 1 nA, and on offDI
  is on 
the order of 103. The average lin  and sat  are 1×10
–4 and 3×10–4 cm2 V–1 s–1, respectively. 
The variations among the working devices are still rather large even for TFTs based on films 
deposited with the automatic spraying machine, e.g., sat  is found to mostly lie between 10
–4 
to 10–3 cm2 V–1 s–1. 
 
Figure 5.6. (a) Schematic of a BG-BC TFT. (b) Transfer and (c) output curves of Cu2O-based TFT. 
Device dimensions are W = 10 mm and L = 20 µm. (Author’s own work [230], reproduced with 
permission from AIP Publishing LLC.)   
Since the spray coater is expected to produce more consistent films, it may be possible 
that the variations stem from fundamental problems of forming Cu2O films using spray 
pyrolysis. This is not surprising as obtaining the Cu2O phase is not trivial even from more 
sophisticated methods such as sputtering or PLD as previously discussed in Section 3.1. The 
issue is exemplified further when considering the subthreshold characteristics. THV  is large 
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with an average value of –70 V, and the subthreshold slope THS  is 30 V dec
–1 on average 
which corresponds to an estimated trap density of ~5.6×1013 cm–2 eV–1. The high values of 
THV , THS , and tD  as well as the low FE  strongly suggest that localised hole states exist in 
large amount. In order to characterise the distribution of these localised states further, the 
transfer curve measured in the linear regime shown in Figure 5.6(b) was used for the DOS 
analysis based the Grünewald method (see Section 4.4). 
5.4 Energy Spectrum of Localised States in Cu2O 
 The plot of hollow squares in Figure 5.7(a) shows the results of the DOS of the tail 
states as a function of the surface potential 0V . The noticeable scattering of the data points 
reflects the poor subthreshold characteristics of the device, yet the data consolidates and 
displays an exponential trend, particularly in the 0V  range of 0.05–0.25 eV. Fitting an 
exponential function [dashed black line in Figure 5.7(a)] to the data in this range allows the 
estimation of the DOS characteristic energy tE , which is found to be 56 ±2 meV or equivalent 
to a characteristic temperature tT  (from t tE kT ) of 650 ±23 K. The DOS at 0V  higher than 
0.24 eV increases much more rapidly compared to an exponential function and appears to tend 
towards extremely large values. It is speculated that this behaviour is possibly due to the 
breakdown of the assumptions of the Grünewald method when the surface potential is large 
enough such that the quasi-Fermi level approaches the extended states. It will be shown later 
that this behaviour also persists in the case of CuSCN, and hence will be regarded as a 
systematic error.  
 
Figure 5.7. (a) DOS of localised states in Cu2O calculated from the transfer characteristics of Cu2O 
TFTs using the Grünewald method. (b) DOS positioned relative to the hole mobility edge.  
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 If the breakdown point is assumed to correspond to the position of the mobility edge, 
the DOS can now be plotted as the tail states extending from VE  into the mobility gap, as 
shown in Figure 5.7(b). The parameter tN , which signifies the total density of the tail states 
according to the expression of the DOS in Eq. (2.24), can now be calculated and is found to be 
(1.9 ±0.2)×1020 cm–3. However, the more important parameter for characterising the spread of 
the localised states is tE , which is not affected by the uncertainty of determining the accurate 
position of the DOS within the mobility gap. The larger the tE , the broader and deeper the 
localised states extend into the mobility gap, meaning that it is more difficult to promote 
charge carriers into the extended states. This in turn results in low FE  due to its inherent 
dependence on the concentration of the mobile carriers (see Section 2.2.4). 
 Jeong et al. [231] have also performed a similar tail states analysis on Cu2O-based 
TFTs using the Grünewald method. Their BG-TC TFTs consisted of sputtered Cu2O thin films 
on Si/SiO2 substrates (100-nm thick SiO2) and e-beam evaporated Ni S/D electrodes. The 
Cu2O layer was annealed in vacuum using the rapid thermal annealing system after the 
sputtering step and prior to the injecting-electrodes deposition step. Their TFTs show FE  
(region of operation not specified) of 0.06 cm2 V–1 s–1, on offDI
  of 104, THV  of –6 V, and THS  of 
3 V dec–1. Based on their DOS analysis results, tE  is estimated to be ~40 meV or 
corresponding to tT  of ~464 K. It can be observed that the lower value of tE , compared to the 
value obtained in this work, is also associated with better values of other figures of merit, i.e., 
higher FE  and 
on off
DI
  and smaller THV  and THS . Due to the poor characteristics and low yield 
of the TFTs based on spray-coated Cu2O thin films, the temperature-dependent measurements 
of transistor characteristics have not been performed to determine the carrier transport mode in 
these films. However, it may be appropriate to assume that the hole transport around room 
temperature in Cu2O films presented in this thesis proceeds according to the MTR model 
which is the general basis for describing carrier transport in non-crystalline materials (see 
Section 2.2.3) and is also the model by which Jeong et al. used to explain the transport in their 
Cu2O films. Considering the operation of a TFT based on the MTR transport model [98, 127], 
the broader localised states distribution (larger tE ) leads to a smaller fraction of the gate field-
induced carriers residing in the extended states (which contribute to the conductivity). In other 
words, most of the field-induced carriers will fill the localised states in this case, leaving only 
a small amount that can carry the current. This may be directly correlated with the larger THV  
and THS , which illustrate that a larger gate voltage is needed to reach the threshold conduction 
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and that the rate of current increase with the gate voltage is slow. Consequently, FE , which is 
related to the fraction of carriers in the extended states through the calculation method (see 
Section 2.2.4), and on offDI
  are expected to be lower for a semiconducting film with a larger tE .  
Some possible sources for the large and broad DOS of the states in the mobility gap of 
the spray-coated Cu2O films presented here are the large number of grain boundaries, states at 
the unpassivated Cu2O/SiO2 interface, or defect/impurities states within the Cu2O layer which 
may be due to Cu0 or Cu2+ states. In fact, the same group as Jeong et al. have shown the 
improvement of Cu2O-based TFTs by vacuum annealing in another report [232]. Although 
only transfer curves of Cu2O-based TFTs annealed at different temperatures in vacuum are 
presented without specifying clear quantitative results, it is still evident from the plots that the 
characteristics of their Cu2O-based TFTs can be markedly improved in terms of off-current, 
on off
DI
 , THV , THS , and possibly FE . Such development is also accompanied by the loss of the 
impurity phase (CuO in their case) and the significant increase in the grain size as studied by 
XRD, SEM, and AFM, both of which suggest that the Cu2O grain growth is promoted by 
annealing at 500 °C in vacuum. As a consequence, compared to the results presented in this 
thesis, their Cu2O films show a narrower localised states distribution and correspondingly 
higher TFT performance. This also implicates that impurities and grain boundaries pose 
significant problems for the hole transport and electrical characteristics of Cu2O thin films and 
Cu2O-based devices. Moreover, the effects of Cu2O/dielectric interface have been highlighted 
by Zou et al. [141, 146] (see Section 3.1) who have shown that higher quality interfaces with 
lower THS  (and expectedly lower tE ) result in better TFT performance, especially in terms of 
FE . 
For the case of Cu2O films deposited by spray pyrolysis, they are likely to contain a 
significant amount of impurities, e.g., residues from the chemical reactions and unwanted Cu 
and/or CuO products  which might result from under- or over-oxidation. The inclusion of 
impurities may be inferred from the improvement of the TFT characteristics upon air 
annealing as discussed earlier. Although XRD results do not show any detectable signals of 
segregated impurity phases, more rigorous chemical analyses are still required to characterise 
impurities in deeper details. AFM images also show small grain sizes with a large amount of 
grain boundaries. Also, the unpassivated SiO2 surface is well known to adversely affect charge 
carrier transport in TFTs. All of these factors are possible contributory causes for the large and 
broad DOS of localised states within the mobility gap of spray-coated Cu2O that lead to poor 
TFT characteristics. 
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5.5 Lithium Doping of Cu2O 
In an attempt to improve the TFT performance, doping Cu2O with lithium ions has 
been tested in this work. As demonstrated in the previous work from within the research group 
by Adamopoulos et al. [22], lithium doping of ZnO prepared by spray pyrolysis can 
remarkably improve the transistor performance, and this has been substantiated by Park et al. 
[233] who have also reported similar outcome. Experimental and theoretical results [22, 233, 
234] suggest that at low concentrations, Li ions may be incorporated as interstitial impurities 
in ZnO and act as shallow donors, and at high concentrations they become substitutional 
impurities that create acceptor levels instead. Although the impurity type and energy level of 
Li ions in Cu2O have not been predicted and are not expected to be similar to the case of ZnO, 
the results by Adamopoulos et al. have also shown that incorporating lithium acetate in the 
solution of zinc acetate at an optimum concentration can significantly increase the grain size 
and subsequently reduce the amount of grain boundaries, and this is the basis for this 
exploratory experiment of doping Cu2O with lithium. 
The doping process was done by mixing lithium acetate dihydrate salt 
[Li(CH3COO)·2H2O] with the water-based solution of copper(II) acetate monohydrate 
described earlier. Concentrations were adjusted so that the molar ratio of metal salt ions 
[Li+]/[Cu2+] were 0% (undoped), 1%, 2.5%, 5%, 10%, 20%, and 40%mol. The spray pyrolysis 
was performed using the spray coater and the same conditions as stated earlier onto glass 
substrates for UV-Vis-NIR and XRD measurements and onto Si++/SiO2 substrates with pre-
patterned S/D electrodes for BG-BC TFT characterisations similar to the experiments 
discussed earlier of undoped Cu2O films. 
During the deposition, the effects of incorporating lithium were already evident: 
instead of (macroscopically) homogeneous translucent yellow films, lithium-doped solutions 
resulted in the formation of black particles, which were clearly observable especially for 
concentrations higher than 5%mol. The amount of the black particles distributed in the films 
increased with the concentration until the films became completely black at 20%mol doping 
level. However, upon annealing in ambient the films turned to translucent yellow films.  
In order to measure the transmission spectra of the films, thin films of only 2 coats 
(highly doped films of the usual 6 coats would completely block the light) were deposited on 
glass substrates for UV-Vis-NIR measurements, and the results of undoped, 10%, 20%, and 
40%mol Li-doped Cu2O films before and after annealing are presented in Figure 5.8(a). The 
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spectra of the as-sprayed films show that the optical transmission dramatically decreases with 
increasing doping concentration. A strong absorption in the range of 550–750 nm becomes 
evident at 20% and 40%mol doping levels (black films). Interestingly, optical transmission 
data of Cu nanoparticles from literature [235, 236] exhibits spectra very similar to those of the 
black films, suggesting that the observed black particles may be clusters of Cu nanoparticles. 
The fact that the transmission spectra similar to that of the undoped Cu2O film are recovered 
upon air annealing may also corroborate that these Cu nanoparticles are oxidised to Cu2O. 
Figure 5.8(b) also shows that after annealing, the Tauc plots also regain features similar to 
those of the undoped film, and the values of extracted optgE  (of annealed films) consolidate in 
the range 2.4–2.5 eV, which corresponds to the value of Cu2O. It should be noted, however, 
that the transmission spectra are the macroscopic properties of the films, and the Cu particles 
may still exist in the annealed films at the microscopic level as discussed below. 
 
Figure 5.8. (a) Optical transmission spectra and (b) Tauc plots of undoped, 10%, 20%, and 40%mol Li-
doped Cu2O films. 
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 XRD results of undoped, 10%, and 20%mol Li-doped Cu2O films (6 coats) displayed 
in Figure 5.9 also provide further proof of the Cu phase in the doped films. For the as-sprayed 
10%mol-doped film, the majority of the signals belong to Cu2O phase, but the small peak at 
43.3° can be assigned to the diffraction from Cu (111) planes. In the case of as-sprayed 
20%mol Li-doped film, the signals from Cu2O phase completely disappear, and the diffraction 
peaks at 43.3°, 50.6°, and 74.5° are attributed to the signals from Cu (111), (200), and (220) 
planes, respectively. The crystallite size of Cu phase is estimated from the width of the peak 
Cu (111) using the Scherrer formula and found to be ~10–15 nm. Upon annealing, the XRD 
pattern of 10%mol Li-doped film remains more or less the same while that of 20%mol doping 
level shows some recovery of the Cu2O signals at 36.5°, 42.4°, and 61.6°. The signals of the 
Cu phase remain observable in both doped films after annealing, suggesting that the oxidation 
of Cu is incomplete. It should be noted that no signals of Li-based phases or compounds can 
be detected even at high doping concentrations, implying that Li+ may be incorporated into the 
Cu2O or Cu as impurities. The results from XRD measurements correlate well with those from 
the optical transmission measurements discussed above although the extent of Cu2O phase 
recovery upon air annealing may be different due to the difference in the thickness of the 
samples.  
 
Figure 5.9. XRD results of as-sprayed and annealed undoped, 10%, and 20%mol Li-doped Cu2O films. 
The red triangles denote the peaks assigned to Cu2O whereas the blue circles mark those assigned to Cu 
phase. 
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cannot be oxidised to Cu2O during spray pyrolysis as evident from the absorption features 
around 550–750 nm and XRD diffraction pattern of Cu phase. The size of these Cu clusters 
may increase with the lithium salt concentration as the supporting evidence for Cu phase 
becomes more pronounced at higher amount of lithium. Also, annealing under the same 
conditions has smaller effects on films produced using higher doping levels and/or with larger 
thickness. At high concentrations, the Cu clusters may be too large such that the oxidation to 
Cu2O can only proceed sparingly. 
BG-BC TFTs based on films produced from undoped, 1%, 2.5%, 5%, and 10%mol Li-
doped solutions were also measured to study the effects of Li doping on the electrical 
characteristics. However, no clear trends or significant improvement can be observed. The 
only noticeable change is the increase in the background current and the inability to 
appreciably reduce this current by air annealing at 5% and 10% doping levels. In other words, 
the characteristics of TFTs based on Li-doped Cu2O films are similar to the results discussed 
previously but with stronger effects from the Cu impurity phase (which may be due to Cu 
growth-promoting effects of lithium salt), and the direct effects of Li impurities on the 
electrical performance of Cu2O-based TFTs cannot be established at this point. Nevertheless, 
this Li-doping experiment (although unexpected) gives an example of many possibilities to 
manipulate solution-based chemical reactions. It may be possible to exploit the Cu phase 
growth, for example by optimising the process to deposit a homogeneous film of Cu first and 
then performing a controlled oxidation to obtain Cu2O. This route may be more favourable 
than attempting to obtain the pure phase Cu2O from the spray pyrolysis directly as the cuprous 
phase is not the most thermodynamically stable phase under ambient conditions, and hence 
such process is prone to impurities inclusion. More studies are required to test the possibilities 
of different chemical routes and are out of scope of this thesis. 
5.6 Summary and Outlook 
Cu2O-based p-channel TFTs fabricated by spray pyrolysis have been demonstrated for 
the first time. Although the TFT performance is still unsatisfactory with FE  in the range of 
10–4–10–3 cm2 V–1 s–1 and on offDI
  on the order of 103, these numbers are on the same level as 
the first pioneering reports on Cu2O-based TFTs fabricated using more sophisticated 
techniques such as sputtering and PLD [140, 142]. This research work has also shown that the 
spray pyrolysis method can also deposit hole-transporting oxide semiconductors, further 
emphasising the potential of this scalable and inexpensive solution-based technique. The 
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chemistry used in this case relies on the reduction of Cu2+ to Cu0 by a reducing sugar (glucose) 
and then the oxidation of Cu0 to Cu2O at a specified range of temperature in ambient air. 
Managing impurity phases, especially Cu and CuO, in Cu2O appears to be the main challenge 
needed to overcome to obtain better electrical characteristics and higher TFT performance. 
The metallic Cu impurities possibly manifest themselves as impurity/defect levels in the Cu2O 
phase as inferred indirectly by the high background current of the as-sprayed films which can 
be reduced by air annealing. XRD measurements were performed but could not identify any 
segregated impurity phases in the Cu2O films. Also, the Cu2+ or CuO impurities should not be 
discarded as CuO is the more stable oxide phase of copper under ambient conditions.  
The existence of the Cu phase as a product of the spray pyrolysis is more clearly 
evident when lithium acetate salt is also mixed in the precursor solution. The alkalinity of 
lithium salt may provide a more favourable environment for the reduction of Cu2+ by glucose, 
resulting in large Cu clusters which may be slow or difficult to get oxidised to Cu2O under the 
processing conditions used here especially at high lithium concentrations. The identity of the 
Cu phase is confirmed by UV-Vis-NIR and XRD measurements.  
The distribution of the localised states within the mobility gap of spray-coated Cu2O 
films are studied through the analysis of the transfer characteristics of TFTs using the 
Grünewald method and found to be significantly large and broad ( tE  = 56 meV or tT  =  650 
K). The poor TFT characteristics can be explained by considering the fraction of gate field-
induced carriers that reside in the extended states. The broad distribution of states in the 
mobility gap observed here lead to most of the carriers trapped in the localised states and 
cannot contribute to the conductivity. Although the Grünewald analysis does not reveal any 
information about the identity of the species that create the localised states, it may be inferred 
from the results mentioned previously regarding the Cu phase that Cu0 impurities may 
potentially be the main contributory cause. Other possible species include Cu2+ or CuO which 
cannot be conclusively eliminated with the current set of experiments, grain boundaries which 
could exist in large numbers as a result of the nanoscale grains, and surface states at the 
unpassivated Cu2O/SiO2 interface.  
It is therefore entirely possible to optimise the spray pyrolysis process and improve the 
performance of spray-coated Cu2O films further. For example, Sohn et al. [232] have shown 
that vacuum annealing can reduce the amount of impurities as well as the number of grain 
boundaries by promoting the growth of Cu2O grains. Zou et al. [141, 146] have studied the 
usage of different dielectrics in Cu2O-based TFTs and demonstrated that FE  larger than 1 cm
2 
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V–1 s–1 is achievable by improving the quality of Cu2O/dielectric interface. It is also possible 
that other precursors or chemistry routes may result in better yield and higher quality of Cu2O 
films. Deeper investigations in conjunction with broader explorations are expected to make 
further advances in the development of Cu2O-based p-type oxide electronics. 
Nevertheless, Cu2O is not the only choice for a hole-transporting oxide. As reviewed 
in Chapter 3, SnO is another promising candidate and has been studied in recent publications 
that consistently show p-channel TFTs with FE  larger than 1 cm
2 V–1 s–1. Although 
preliminary attempts to obtain p-type SnO films using the spray pyrolysis failed (see the end 
of Section 3.2), solution-processed SnO films and TFTs have recently been shown to be 
possible [165]. The work presented in the next chapter, however, expands the horizon further 
by exploring the potential of another type of material – a metal pseudohalide cuprous 
thiocyanate (CuSCN) – which not only shows hole-transporting characteristics but also high 
optical transparency due to its wide band gap. This combination has great promise for pairing 
with the transparent n-type oxides and subsequently the development of transparent 
electronics. 
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Chapter 6  
Copper(I) Thiocyanate as a Wide Band 
Gap, Hole-Transporting Semiconductor 
Although Cu2O and SnO have been shown to display hole-transporting characteristics 
and already utilised in the development of p-channel TFTs as discussed in Chapter 3, both 
materials still have some unaddressed disadvantages, in particular the phase stability and the 
small band gaps. The first issue is related to the fact that Cu2O and SnO are not the most stable 
oxide phases of Cu and Sn whereas CuO and SnO2 are. One of the major obstacles in the 
development of Cu2O- and SnO-based p-channel transistors is the difficulty in controlling the 
deposition parameters to obtain pure phase Cu2O and SnO even for methods based on physical 
vapour deposition. The long-term phase stability may also present a problem although no 
studies have been carried out to intensively investigate this point. The second issue is 
regarding their optical transparencies as the fundamental band gaps are direct at 2.1 eV and 
indirect at 0.7 eV for Cu2O and SnO, respectively. Although they may appear as translucent in 
their thin-film forms, they are not truly transparent. As a result, even if their performance 
could be advanced to be comparable to that of n-type oxides, they would still remain optically 
incompatible, i.e., not suitable for transparent electronics. The optical transparency may be an 
optional functional property at this point, but it would naturally be more beneficial if both 
electrical and optical properties can be fully exploited.  
As reviewed in Section 3.3, some potential hole-transporting oxides with wide band 
gaps have been identified but are still awaiting either experimental investigations or 
demonstrations of p-channel TFTs. The more important point, discussed in Section 3.4, is that 
the material choice should not be restricted only to metal oxides as the objective assessment 
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should be based on the compatibility with large-area applications, carrier transport 
performance, and optical properties – and not on the type of materials. While the field of 
organic semiconducting materials is already vigorously active, this research aims to pioneer 
the exploration of other inorganic materials. Specifically, the focus is on cuprous thiocyanate 
(CuSCN) which displays p-type conductivity alongside excellent optical transparency. CuSCN 
has been used in solar cells as a hole-transporting layer; however, its physical properties are 
relatively unexplored, and its usage as an active semiconducting layer has not been 
investigated. 
6.1 Background Information and Properties of CuSCN 
Electrical properties of CuSCN were first investigated in the early 1980s by 
Tennakone and his colleagues [237, 238], who also studied the use of CuSCN in 
photoelectrochemical cells [201]. The prospect of employing CuSCN in photovoltaic 
applications received considerable attention when O’Regan et al. chose this material as the 
solid-state hole-transporting layer in many of their experiments on dye-sensitised solar cells 
(DSSCs) [202, 239-244]. As a result, CuSCN has also been used in other types of solar cells 
such as quantum dot-sensitised solar cells (QDSCs) and extremely thin absorber (ETA) solar 
cells. Reviews of CuSCN usage in solar cells can be found in Refs. [75-78], and more 
recently, the use of CuSCN in hybrid perovskite solar cells has also been demonstrated [245]. 
However, physical properties of CuSCN have not been fully studied, and the already available 
information is rather scattered. It is then the aim of this section to collect and present some 
CuSCN data found from literature, specifically crystal and electronic structures which are 
relevant for the study of semiconducting properties of CuSCN. 
Considering the crystallographic structure of CuSCN, two phases of CuSCN have 
been identified, i.e., α- and β-phases [246-248]. The latter can also be categorised further into 
two polytypes: rhombohedral and hexagonal β-phases. Pure crystals of both α- and β-phases 
are colourless. The crystallographic data of these phases of CuSCN are summarised in Table 
6.1 to Table 6.3. One common feature among different structures is the coordination of the Cu 
atom by three S and one N atoms which form a distorted tetrahedron. Similarly, the S atom is 
also tetrahedrally coordinated with three Cu and one C atoms. The bond between S and Cu has 
a mixed ionic-covalent character while the lone pair on N forms a dative covalent bond with 
Cu, resulting in the three-dimensionally interconnected (or three-dimensional polymeric) 
structures of CuSCN [68]. Within the SCN unit, C forms a single bond with S and a triple 
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bond with N (S–C≡N), and SCN is in –1 oxidation state (SCN–). For the β-phase, the SCN 
unit is perfectly linear (see bond angles in Table 6.2 and Table 6.3), and the N-end also forms 
a linear coordination with the Cu atom with respect to the bonding in the SCN unit, i.e., the 
SCN Cu  is also linear. The longitudinal axis of the SCN Cu cylindrical unit aligns in 
parallel with the c-axis of the β-CuSCN crystal. The main difference between the two 
polytypes of β-CuSCN is essentially the stacking order of  SCN Cu  unit: the 3R polytype 
has a layering sequence ABC whereas the the 2H polytype has a sequence ABA, as illustrated 
in Figure 6.1(a). In fact, the 2H polytype is closely analogous to the wurtzite structure, for 
example of ZnO, but with Cu occupying the Zn sites and the SCN units in place of O sites.  
 
Figure 6.1. (a) Crystal structures of 3R and 2H polytypes of β-CuSCN showing different layer 
sequences. The vertical direction is the c-axis, and the horizontal from left to right is [ 3 1 0 ]. The 
black circles are Cu atoms, and the linear segments are SCN Cu  units. (Reproduced from Ref. [247, 
248] with permission from the International Union of Crystallography. Links to articles: 
http://dx.doi.org/10.1107/S0567740881007309 and http://dx.doi.org/10.1107/S0567740882004361.)  
(b) Crystal structure of α-CuSCN in the (0 1 0) projection. The SCN unites are reduced to lines in this 
representation. The white circles are Cu atoms with SCN units pointing to the left where the black 
circles are Cu atoms with SCN units pointing to the right. (Reproduced from Ref. [246] with 
permission from Elsevier.) 
On the other hand, the α-phase does not contain linear features with the S–C–N angle 
slightly departing from a perfectly linear bonding by ~1.34° and the Cu–N–C deviating more 
by 13.3°. Figure 6.1(b) illustrates the simplified crystal structure of α-CuSCN with the SCN 
groups approximated as straight lines, and it can be seen that the SCN units are slanted in 
alternating fashion. In contrast to the β phase, the longitudinal direction of the (slightly 
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distorted) SCN Cu  unit now lies in the ab plane instead of along the c-axis. Also, the 
tetrahedral coordination of Cu in α-CuSCN is more distorted (see S–Cu–S and S–Cu–N bond 
angles) compared to that in β-CuSCN which has angles closer to the ideal tetrahedral 
geometry of ~109.5°. 
Table 6.1. Crystallographic data of α-CuSCN obtained from Ref. [246]. 
Parameter Value  
α-CuSCN   
Crystal structure Orthorhombic  
Space group Pbca  
Lattice constants    
a 10.994 Å 
b 7.224 Å 
c 6.662 Å 
Z  8  
Unit cell volume 529.1 Å3 
Atomic concentrations   
Cu, S, C, and N 1.512×1022 cm–3 
Density   
Calculated 3.05 g cm–3 
Measured 2.98 g cm–3 
Interatomic distances   
Cu–S1  2.354 Å 
Cu–S2 2.367 Å 
Cu–S3 2.344 Å 
Cu–N 1.927 Å 
N–C 1.116 Å 
C–S 1.696 Å 
Bond angles   
S1–Cu–S3 103.01 ° 
S1–Cu–S2 107.28 ° 
S2–Cu–S3 110.15 ° 
S1–Cu–N 115.02 ° 
S2–Cu–N 114.39 ° 
S3–Cu–N 106.31 ° 
S–C–N 178.66 ° 
Cu–N–C 166.70 ° 
   
 
107 
 
 
 
 
 
Table 6.2. Crystallographic data of rhombohedral β-CuSCN obtained from Ref. [247].  
Parameter Value  
β-CuSCN: 3R polytype   
Crystal structure Rhombohedral  
Space group R3m  
Lattice constants    
a 3.856 Å 
c 16.453 Å 
Z  3  
Unit cell volume 211.9 Å3 
Atomic concentrations   
Cu, S, C, and N 1.416×1022 cm–3 
Density 2.86 g cm–3 
Interatomic distances   
Cu–S  2.343 Å 
Cu–N 1.923 Å 
N–C 1.149 Å 
C–S 1.683 Å 
Bond angles   
S–Cu–S 110.78 ° 
S–Cu–N 108.13 ° 
S–C–N 180 ° 
Cu–N–C 180 ° 
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Table 6.3 Crystallographic [248] and electronic [68] data of hexagonal β-CuSCN. 
Parameter Value  
β-CuSCN: 2H polytype   
Crystal structure Hexagonal  
Space group P63mc  
Lattice constants    
a 3.850 Å 
c 10.937 Å 
Z  2  
Unit cell volume 140.4 Å3 
Atomic concentrations   
Cu, S, C, and N 1.425×1022 cm–3 
Density 2.88 g cm–3 
Interatomic distances   
Cu–S  2.341 Å 
Cu–N 1.930 Å 
N–C 1.100 Å 
C–S 1.704 Å 
Bond angles   
S–Cu–S 110.63 ° 
S–Cu–N 108.28 ° 
S–C–N 180 ° 
Cu–N–C 180 ° 
Band gap   
Indirect ~3.5 eV 
Direct ~3.9 eV 
Effective masses ab-plane, c-axis  
*
em   2, 1 0m   
*
lhm  0.5, 0.8 0m   
*
hhm   2, 0.8 0m  
   
 
 Jaffe et al. [68] have carried out a theoretical study on the electronic structure of 2H β-
CuSCN, and the resulting band structure as well as the total and partial densities of states 
(DOS) are shown in Figure 6.2(a) and (b). The band gap is predicted to be indirect with the 
VBM at Γ point and the CBM at K point although this still requires an experimental 
verification. The authors have extracted a direct band gap at ~3.9 eV from optical transmission 
measurements and speculated from their calculations that the indirect gap may be smaller by 
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approximately 0.4 eV. The partial DOS suggests that Cu 3d states strongly dominate near the 
top of VB with some hybridisation from S 3p states. As discussed earlier in Chapter 3, the 
same feature is also observed in other Cu(I)-based compounds.  The next three sub-bands 
from –3 to –8 eV are attributed to the π-quasi-molecular orbitals in the SCN unit (p character 
from S, C, and N) whereas the deeper band at –9 eV is possibly related to the σ-quasi-
molecular orbital. Around –3.5 eV, there are also some contribution from Cu 3d states, which 
might be a result of the bonding between Cu and the coordinating S and N atoms. 
Interestingly, the CB does not show strong character of the Cu states (as is usually the case for 
metal oxides or other inorganics) but is dominated by C 2p and N 2p states, which the authors 
attribute to the unoccupied antibonding π*-quasi-molecular orbitals of the CN portion.  
 
Figure 6.2. (a) Electronic structure and (b) partial and total densities of states of 2H (hexagonal 
polytype) β-CuSCN. (Reprinted with permission from Ref. [68]. Copyright 2010 American Chemical 
Society.) 
 The authors speculate that the unoccupied π*-states may be the reason for the CB 
having a minimum point towards the edge rather than at the centre of the Brillouin zone (at K 
point instead of Γ point). Also, these states are expected to be localised near the CN units, 
leading to the relatively flat CB. In contrast, the VB is more dispersive due to the Cu 3d states 
and their hybridisation with the S 3p states. It is then surmised that hole transport is more 
effective than electron transport in CuSCN. The comparison between hole and electron 
mobilities may also be obtained from the examination of their effective masses. The 
calculations by Jaffe et al. have found that, in the ab-plane and along the c-axis, * 02em m  and 
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0m , * 00.5lhm m  and 00.8m , and * 02hhm m  and 00.8m . Indeed, the effective masses of 
holes are similar to or lower than that of the electrons, implying that holes may have higher 
mobility than electrons. Recall from Chapter 3 that metal oxides which are expected to favour 
hole transport should have the O 2p character near the VBM diminished through hybridisation 
with either metal or other anionic orbitals. CuSCN is the case in which the oxygen is 
eliminated altogether, and the states near the VBM are those of hybridised Cu 3d and S 3p 
states. 
 In the same study by Jaffe et al. [68], the authors have also investigated the defects in 
2H β-CuSCN that can contribute to holes generation. It has been reported earlier that the p-
type conductivity of CuSCN can be enhanced in Cu-deficient conditions [249], and hence the 
first candidate to consider for creating acceptor levels is VCu. Jaffe and colleagues have found 
that the formation energy of VCu is sufficiently low and an equilibrium concentration as high 
as 1019 cm–3 may be possible. The calculations also show that VCu can indeed lead to a shallow 
acceptor level at approximately 0.1 eV above the valence band, which may be related to the 
experimentally derived activation energy of 0.2 eV reported earlier [249]. Other types of 
defects have also been briefly considered. The occurrence of interstitials is expected to be 
limited due to the closed-pack structure of the hexagonal crystal while that of antisites (Cu 
occupying SCN site and vice versa) is even less likely due to the large physical asymmetry 
between the two constituents. VSCN is predicted to have high formation energy and create a 
donor level deep within the band gap (~1 eV above the VBM). Other possible defects are 
vacancies of parts of the SCN units, e.g., VS or VCN [equivalently (CN)SCN or SSCN, 
respectively]. The former is expected to be electrically inactive due to the same valence state 
of CN– and SCN– while the latter could possibly lead to a shallow acceptor level and might be 
important in the Cu-deficient and S-rich growth conditions. Individual vacancies of C and N 
are unlikely to exist as removing either of these two atoms involves breaking the triple bond 
which requires a large amount of energy. 
 Based on the theoretical work by Jaffe et al. [68] as discussed above, the bonding 
schemes in CuSCN appear to dominate the electronic properties of 2H β-CuSCN, giving rise 
to a wide band gap and favourable hole transport. Although the electronic structures of α-
phase and 3R β-phase of CuSCN have not been studied, the empirical results of non-single 
crystalline CuSCN, which can contain both phases [247], also consistently exhibit the unique 
combination of high optical transparency and appreciable p-type conductivity (for example, 
see the works by Tennakone et al. and O’Regan et al. mentioned above). As a result, there has 
been significant research interest in employing CuSCN as a transparent hole conductor in 
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solar cells. However, its electrical and optical characteristics also render CuSCN as a 
promising transparent p-type active semiconductor for transistor applications. With the drive 
towards large-area and flexible microelectronics, the ability to deposit CuSCN from solution 
at low temperature is therefore crucial, and this is the subject of the next section. 
6.2 Solution Processing of CuSCN 
To the author’s knowledge, physical vapour deposition of CuSCN has not been 
reported. Thermal evaporation method is impractical as CuSCN decomposes at 450 °C. The 
products of the decomposition in air include solids of CuO and Cu2S or CuS5 and gases of 
SO2, CO2, and N2 [250, 251] whereas the decomposition in nitrogen atmosphere is reported to 
yield Cu2S [252]. CuSCN thin films are typically deposited from solution-based chemical 
processes such as electrodeposition [201-204] and successive ionic layer adsorption and 
reaction (SILAR) [205, 206]. These methods are based on the chemical/electrochemical 
reactions which form CuSCN in situ and simultaneously deposit it on the substrates. However, 
the resulting films are generally thick (~µm) and rough, which are not suitable for a channel 
layer in TFTs. The precursor route typically employed for depositing oxides is also currently 
not available for CuSCN. Such process generally involves the deposition of the precursor 
films onto the substrates which are then oxidised in air to obtain the target oxides.  
One possible route is then to dissolve CuSCN and then deposit the films from the 
solution, which is similar to the case of solution-processed organic semiconductors. However, 
the solubility of CuSCN in general solvents is very poor (which on the other hand may imply 
the stability of CuSCN). One of the few uncommon solvents that can dissolve CuSCN is 
dipropyl sulphide [DPS, (C3H7)2S]. Kumara et al. [200] (Tennakone’s group) first showed the 
deposition of CuSCN from DPS solution in 2001. The authors also report in the paper that 
other di-n-alkyl sulphides, i.e., dimethyl sulphide [DMS, (CH3)2S], diethyl sulphide [DES, 
(C2H5)2S], and dibutyl sulphide [DBS, (C4H9)2S], can dissolve CuSCN as well and that the 
solubility decreases with the increasing alkyl chain length. DPS has been chosen by Kumara 
et al. because it can sufficiently dissolve CuSCN and can still be removed at relatively low 
temperature (~80 °C) [200]. In contrast, DBS cannot dissolve CuSCN appreciably whereas 
DMS and DES are difficult to remove from the films. Also, the mechanism of CuSCN 
dissolution in these alkyl sulphides is still uncertain and is speculated to involve some 
                                                   
5 Reports on the decomposition of CuSCN give conflicting results whether the solid products are consisted 
of Cu+1 or Cu+2 sulphide compounds, for example see Refs. [3] and [4].   
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complexes formation [200], possibly similar to the case of CuI and alkyl sulphides [253], 
rather than to proceed through normal solvation. 
DPS is also selected as the solvent of choice for the deposition of CuSCN in this 
research after an exhaustive search for other suitable solvents has proven unfruitful. A wide 
variety of solvents such as methanol, ethanol, isopropanol, acetone, acetonitrile, dimethyl 
sulfoxide (DMSO), and dimethylformamide (DMF), have been tested, none of which can 
dissolve CuSCN for any practical use of thin film deposition. In fact, the solubility of CuSCN 
in DPS has been observed to be rather low in our case despite a paper also by Tennakone’s 
group reporting a solubility limit of ~40 mg ml–1 at 27 °C [254]. The solution used for 
experiments reported herein is a saturated solution of CuSCN in DPS, which has also been 
used in literature, for example by O’Regan et al. who also reported a similar solubility issue 
[242]. The saturated solution is prepared by first stirring a mixture of CuSCN in DPS (at 20 
mg ml–1) for 16 h. The cloudy liquid is then left for 1 h to allow the undissolved solids to settle 
at the bottom of the vial. The clear liquid is taken out for centrifugation and filtration to 
remove the rest of undissolved CuSCN, and the final result is the clear solution of saturated 
CuSCN in DPS and is used for the deposition of CuSCN thin films in this study. 
In fact, a more thorough literature search has found one uncommon solvent that can 
substantially dissolve CuSCN, which is N,N-dimethylthioformamide (DMTF) [255, 256]. 
DMTF is highly polar and structurally analogous to DMF but with a sulphur atom in place of 
the oxygen atom. Solutions of CuSCN in DMTF have also been tested while carrying out this 
research work, and the solubility limit has been found to be close to ~150 mg ml–1 at 20 °C. 
However, for concentrations below 100 mg ml–1, wetting of substrates is the main issue as no 
continuous films could be obtained whereas for higher concentrations, the films become 
inhomogeneous and contain non-CuSCN phases which appear as different colours, i.e., orange 
or brown (while CuSCN is colourless in the case of a smooth film or white if there is 
significant light scattering). The vibrational spectroscopic studies of SCN– anion in 
CuSCN/DMTF solution as presented in Refs. [255, 256] suggest that dissolved CuSCN can 
simultaneously exist as either separated Cu+/SCN– ions or paired isothiocyanate CuNCS. At 
low concentrations, the unpaired ions are the majority, but the fraction of the paired ions 
increases with the increasing concentration of CuSCN in DMTF. It may be possible that the 
different phases observed in films deposited from solutions with high concentrations are 
resulted from different products of the two types of solvated ions. One of the reports [255] has 
also shown that the ions exist predominantly as paired CuNCS in poor solvents such as 
tetrahydrothiophene (THT, structurally similar to the common solvent tetrahydrofuran or THF 
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but with a sulphur atom in place of the oxygen atom). The situation may be similar for DPS in 
which CuSCN also has limited solubility, i.e., DPS molecules may attack the Cu–S bonds, and 
the solutes exist as paired CuNCS. However, more studies are required to understand the case 
of CuSCN in DPS. 
Towards the end of this research work, DES has also been preliminarily tested and 
found to offer satisfactory results both in terms of dissolving CuSCN to appreciable 
concentrations (up to  40 mg ml–1 has been attempted) as well as yielding operational CuSCN-
based TFTs. However, DES-based solutions will be a subject of future investigations of the 
group. The work presented hereafter focuses on characterising CuSCN thin films and 
demonstrating CuSCN-based devices processed from DPS solution. 
6.3 Characterisation of Solution-Processed  
CuSCN Thin Films 
A wide range of characterisation techniques has been employed to extensively 
elucidate the properties of CuSCN thin film processed from DPS solution. X-ray 
photoelectron spectroscopy (XPS) was used to obtain the information regarding the chemical 
state of the constituents and stoichiometry of the film while the ultraviolet photoelectron 
spectroscopy (UPS) was applied to study its surface potentials (work function and ionisation 
potential) as well as the valence structure. The optical properties of the film were studied by 
optical transmission/reflection measurement and variable angle spectroscopic ellipsometry 
(VASE) in wavelength range covering near-infrared to ultraviolet. The morphological and 
structural attributes were characterised with atomic force microscopy (AFM) and transmission 
electron microscopy (TEM). The measurements from the latter were also analysed with 
selected area electron diffraction (SAED) to obtain more in-depth information of the 
crystallographic structure, which was substantiated further by grazing-incidence wide-angle 
X-ray scattering (GIWAXS) measurements.  
A great deal of experiments and results discussed in this section have been carried out 
and provided by our collaborators, Prof. Aram Amassian’s team from King Abdullah 
University of Science and Technology (KAUST), Saudi Arabia, namely Guy Oliver 
Ngongang Ndjawa, Dr. Kui Zhao, and Dr. Kang Wei Chou. Data presented in this section 
have been published in Refs. [257] and [258].  
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6.3.1 Chemical State and Stoichiometry 
XPS measurements were performed on a CuSCN thin film on Au. The substrate was 
prepared by sputtering 200-nm Au onto a SiO2 substrate pre-coated with a 10-nm adhesive 
layer of Cr. CuSCN was deposited by drop-casting the DPS solution onto the substrate. The 
measurements were carried out employing a commercial XPS system (Omicron 
NanoTechnology) with a monochromatic Al source providing X-rays with an energy of 
1486.7 eV, equipped with a hemispherical energy analyser EIS-Sphera (Omicron 
NanoTechnology). In addition, core-level scans of C 1s, N 1s, Cu 2p, and S 2s were acquired 
at a pass energy of 20 eV and a step size of 0.05 eV. A base pressure of ~4.0×10–10 mbar was 
maintained during the experiments, and data were processed using CasaXPS software (Casa 
Software). 
The XPS spectrum from the survey scan, displayed in Figure 6.3, indicates the 
presence of Cu, S, C, and N as well as the absence of contaminants. The high-resolution scans 
of N 1s, Cu 2p, S 2p, and C 1s core levels are presented in Figure 6.4(a)–(d). The N 1s and C 
1s peaks are observed to consist of the main peaks at 398.28 and 285.60 eV and small 
components at 399.45 and 284.40 eV. According to the XPS analysis of carbon-nitrogen films 
by Dementjev et al. [259], the binding energies of N 1s and C 1s levels are expected at 398.8 
and 286.7 eV from the triple bond C≡N and at 399.8 and 285.3 eV from the double bond C=N. 
The small peaks of N 1s and C 1s found at 399.45 and 284.40 eV in the film studied here also 
show similar positive and negative shifts relative to the main peaks of C≡N. These anomalous 
peaks are therefore speculated to be the results of some presence of C=N bonding state in the 
film, which is also supported by the detection of C 1s π excitation peak at 290.5 eV as shown 
in Figure 6.4(e). As the film stoichiometry calculated from the areas of the peaks (Table 6.4) is 
close to 1:1:1:1 for Cu:S:C:N, it is likely that the partial transformation of C≡N to C=N does 
not involve the loss of C or N constituents. Some possible explanations may be the 
hydrogenation of the film (oxidation may be ruled out since no presence of oxygen is 
observed). In addition, as discussed in the previous section that poor solvents (DPS is one of 
which) may result in dissolved CuSCN existing as paired isothiocyanate CuNCS (Cu–
N=C=S), the C=N signal found in XPS spectra may possibly be related to some remnant 
CuNCS bonding states that do not convert back to CuSCN upon film formation. However, 
evidence of C=S bonding state is still needed to corroborate this point. It should also be noted 
that the XPS is surface-sensitive, and the anomalous signal may be related to surface states. 
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Figure 6.3. XPS survey scan of CuSCN film deposited from DPS solution. (Author’s own work [257], 
reproduced with permission from The Royal Society of Chemistry.)  
 
Figure 6.4. High-resolution XPS scans of (a) N 1s, (b) Cu 2p, (c), S 2p, and (d) C 1s core levels. The π 
excitation in (e) gives evidence of the possible presence of double bond between C and N in the film. 
(Author’s own work [257], reproduced with permission from The Royal Society of Chemistry.) 
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Table 6.4. Chemical composition of CuSCN film based on the analysis of high-resolution XPS scans 
[257] – reproduced with permission from The Royal Society of Chemistry. 
Element Peak used for quantification Peak position (eV) Concentration 
    
Copper Cu 2p3/2 932.45 25.3% 
Sulphur S 2s 227.60 25.4% 
Nitrogen N 1s  
(triple bond component) 
398.28 20.2% 
 N 1s  
(double bond component) 
399.45 3.6% 
Carbon C 1s  
(triple bond component) 
285.60 22.6% 
 C 1s  
(double bond component) 
284.40 2.9% 
6.3.2 Electronic Structure and Optical Properties 
UPS measurements were carried out using the same setup as the XPS measurements 
but with a He I discharge lamp for a UV source of energy 21.22 eV (Omicron 
NanoTechnology). The sample was biased at –5 V to ensure that the electrons cleared the 
work function of the analyser as well as to assist in separating the photoemitted electrons from 
the analyser’s electrons generated by impact. The spectra were collected at a pass energy of 5 
eV and a resolution of 0.01 eV. The base pressure was maintained at 4×10–10 mbar throughout 
the experiments.  
The secondary (inelastically scattered) electron cut-off is observed at 16.32 eV as 
displayed in Figure 6.5(a), resulting in a work function of 4.9 eV6. Figure 6.5(b) shows the 
energy spectrum (shifted such that the Fermi level FE   is at 0 eV) in the vicinity of the VBM 
of CuSCN film. The onset of the photoelectron emission is found at 0.63 eV below FE , 
yielding an ionisation potential of 5.53 eV. Although the film is polymorphic as discussed in 
the next subsection, a comparison between the UPS spectrum of our CuSCN film with the 
                                                   
6 The kinetic energy kE  of the electrons is given by k b FE h E    , where h  is the energy of the 
incident photons, bE  is the binding energy, and F  is the work function. At the secondary electron cut-off 
edge, 0kE  , hence F bh E   . With the known energy of the UV source (21.22 eV) and binding energy 
(16.32 eV as determined from the UPS spectrum), F = 21.22 – 16.32 eV = 4.9 eV.    
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calculated DOS of 2H β-CuSCN [Figure 6.2(b)] shows some agreement in terms of peak 
positions. Approximately, the structure from the top of the valence band to 4 eV (binding 
energy) may be assigned to the dominant Cu 3d states with some hybridisation from the S 3p 
states whereas the structure in the binding energy range of 4 to 10 eV may arise from the 
covalent bonding states in the SCN unit. 
 
Figure 6.5. High-resolution UPS normal emission spectra showing (a) the secondary electron cut-off at 
16.32 eV and (b) the valence band structure of CuSCN thin film. (Author’s own work [257], 
reproduced with permission from The Royal Society of Chemistry.) 
 The optical transmission spectrum of CuSCN film spin-cast on glass was acquired 
with an ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotometer (Shimadzu UV-
2600) equipped with an integrating sphere (Shimadzu ISR-2600Plus) and is presented in 
Figure 6.6(a) alongside that of a reference glass substrate. CuSCN films were deposited by 
spin-coating the DPS solution onto borofloat glass substrates at 800 rpm for 60 s and annealed 
at 80 °C for 15 min.  It should be noted here that these are the same conditions used for the 
fabrication of CuSCN-based TFTs which are discussed in the next section. The transmission 
spectrum shows that CuSCN film is highly transparent throughout the visible region. The 
average transparency of the glass substrate in the wavelength range of 390–750 nm is 93% 
while that of CuSCN-coated glass is 91%. By referencing the spectrum of the latter to that of 
the bare glass substrate, the average transparency of CuSCN film on its own is approximately 
98%. The inset showing a photo of glass/CuSCN sample demonstrates the excellent optical 
transparency of CuSCN film. The absorption spectrum of CuSCN was calculated using both 
transmittance and (diffuse) reflectance7 of the film (referenced to a bare substrate) and also 
                                                   
7 It should be noted that for an optically smooth film, most of the reflection is specular. However, the 
equipment used during the experiments was not suited for measuring the specular reflection. It is 
acknowledged that the transmission and absorption of the film may deviate from the true spectrum, 
particularly in the near infrared region where the film does not absorb the light. 
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plotted in Figure 6.6(a). The onset of the absorption starts at ~320 nm followed by two 
absorption peaks at 300 and 243 nm. The same features are also reported in literature, for 
example see Ref. [68], and confirmed in the extinction coefficient spectrum from the VASE 
measurements as discussed later. 
 
Figure 6.6. (a) Optical transmission spectrum of CuSCN thin film spin-cast on glass plotted along that 
of a reference glass substrate. The absorption spectrum of CuSCN calculated from the transmittance 
and reflectance of the film is also shown. The inset displays a photo of CuSCN film on glass, showing 
the high transparency of CuSCN. (b) Tauc plots of the absorption spectrum of CuSCN on glass 
analysed for both indirect and direct optical band gaps optgE  extraction. (Author’s own work [258], 
reproduced with permission from John Wiley and Sons.) 
Based on the absorption spectrum, the Tauc plots are calculated for the extraction of 
the optical band gap optgE  of CuSCN and displayed in Figure 6.6(b). Since the type of the 
band gap (direct or indirect) of CuSCN is still uncertain, both the  2h   and  1/2h   plots, 
where   is the absorption coefficient (the thickness of the film here is ~15–20 nm as 
measured by a profilometer), h  is the Planck constant, and   is the light frequency, were 
examined to determine the empirical values of direct and indirect gaps, respectively. The 
former leads to a direct optgE  of ~3.9 eV which agrees with the typically reported values from 
literature [204, 206, 260] while the latter yields an indirect optgE  of ~3.5 eV. As mentioned in 
Section 6.1, Jaffe et al. report a theoretical prediction of an indirect gap (of 2H β-CuSCN) at 
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approximately ~0.4 eV below the direct transition. They have also measured the optical 
transmission of CuSCN films and observed an absorption tail extending to energies below the 
3.9-eV optgE  which may substantiate the presence of the indirect gap. However, it should be 
noted that the Tauc analyses of CuSCN thin films still contain many uncertainties. First of all, 
the analyses (here and reported in literature) typically make use of the first absorption edge of 
CuSCN, but as can be seen in  Figure 6.6(a), the absorption spectrum also shows the presence 
of a small peak at 300 nm (also seen in VASE data discussed below and in literature such as in 
Refs. [68, 204]) which might be a possible sign of an exciton. If this is the case, the Tauc 
analysis using this absorption edge may be invalid. Also, the absorption tail below 3.9 eV may 
be due to disorder in the film (i.e., Urbach tail) or a result of mixed phases or polytypes of 
CuSCN instead of the indirect gap. More experimental data is required to draw a firm 
conclusion on the value and type of the fundamental gap of CuSCN as well as to intensively 
characterise its optical properties. Nevertheless, the high optical transparency of this material 
is indisputable as clearly evident from the transmission spectra reported here and elsewhere 
[68, 204, 206, 260].  
 
Figure 6.7. Refractive index n and extinction coefficient k of spin-cast CuSCN film as a function of 
wavelength and photon energy (inset) obtained using the VASE technique. (Author’s own work [257], 
reproduced with permission from The Royal Society of Chemistry.) 
 Optical properties of spin-cast CuSCN films were also further studied with VASE 
measurements (M-2000XI, J. A. Woollam Co.). VASE spectra in the wavelength range of 
210–1689 nm were recorded at an incident angle of 18° with respect to the substrate normal 
from 45° to 79° in an increment of 6°. Data analysis was performed using the EASETM and 
WVASE32 software packages (J. A. Woollam Co.), and the optical modelling was carried out 
by assuming a homogenous thin film with isotropic behaviour. The resulting refractive index n 
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and extinction coefficient k are presented in Figure 6.7. As the extinction coefficient is related 
to the absorption coefficient, the similarity between the plot of k in Figure 6.7 and the 
absorption spectrum displayed in Figure 6.6(a) can confirm the transmission/absorption 
features of CuSCN films, i.e., the absorption edge around 320 nm and two absorption peaks at 
300 and 236 nm (with k values of 0.217 and 1.256, respectively). The shift of the latter peak in 
the spectrum obtained from the UV-Vis-NIR measurements (found at 243 nm) may be caused 
by an incomplete removal of the background absorption of the borofloat glass substrate. 
Indeed, a measurement of CuSCN film on a quartz substrate which has a larger transparency 
range than glass shows a smaller shift to 240 nm. In addition, the optical modelling yields a 
film thickness of 14–15 nm which agrees within the experimental error with the values of 15–
20 nm measured by a profilometer. 
 
Figure 6.8. Schematic energy band diagram of CuSCN based on the surface potentials and optical band 
gap obtained from the UPS and optical measurements. 
With the values of the surface potentials, i.e., work function and ionisation potential, 
and the optical band gap from the UPS and optical measurements, the energy diagram of 
CuSCN can be constructed as shown in Figure 6.8. The valence band edge is approximately at 
5.5 eV from the vacuum level whereas the work function is at 4.9 eV. Due to the large band 
gap of CuSCN, the conduction band edge is around 2 eV or shallower, depending on the 
actual value of the fundamental band gap which is yet to be determined. It should be noted 
that because the UPS measurement is a surface sensitive technique (typically to a depth of ~10 
nm), the energy diagram presented here may not represent the energy levels of the bulk 
CuSCN but can nevertheless provide the basis for further discussion herein.  
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6.3.3 Morphology and Structural Properties 
Surface morphology of the spin-cast CuSCN film was studied with AFM 
measurements in tapping mode (Agilent 5500), and a representative topographical image is 
displayed in Figure 6.9(a). Elongated grains in an oval-/rod-like shape with widths between 
30–40 nm and lengths of 60–100 nm can be observed. The surface roughness is calculated 
from the root mean square (RMS) of the topography and found to be between 1–2 nm for 
films with thickness of 15–20 nm. Similar morphology is also observed in the TEM image 
(FEI Titan Cryo Twin) as shown in Figure 6.9(b). The domains are also seen to overlap on top 
of each other. The high-resolution TEM image and the corresponding FFT, presented in 
Figure 6.9(c), reveal the presence of some crystalline order at nanoscale with crystallite size 
between 2–6 nm. The d-spacing of the lattice fringes is found to be 2.9 ±0.4 Å. The value of 
2.9 Å corresponds to the (131) and (112) spacings of the α-CuSCN, but the significant spread 
may imply that the film is polymorphic, i.e., containing both α and β phases (both phases have 
lattice planes with d-spacings of 3.3 and 2.7 nm, see further discussion below) and possibly a 
disordered phase.  
Further analysis of the TEM measurements using the selected area electron diffraction 
(SAED) was carried out, and several broad diffraction rings have been observed as displayed 
in Figure 6.10(a). The d-spacings are calculated as 3.3, 2.7, 1.9, 1.6, 1.3, 1.1, and 0.9 Å, and 
these values can be matched with both α and β phases as shown in Table 6.5. While CuSCN is 
more often reported as existing in the β phase (see Refs. [68, 204, 206]), the X-ray powder 
diffraction performed on the CuSCN powder (purchased from Sigma-Aldrich) which is 
employed to prepare the solution in this work reveals that the initial CuSCN is in α phase, as 
shown in Figure 6.10(c).  
GIWAXS measurements were also performed (on beamline 11-3 at Stanford 
Synchrotron Radiation Laboratory, Stanford, CA, USA) to study the in-plane and out-of-plane 
layering structure of the spin-cast CuSCN film. Monochromatic light with an energy of 12.735 
keV (wavelength of 0.973571 Å) was employed along with a MAR345 Imaging Plate to 
record the scattering patterns. The exposure time was 30 s. The incident angle was set to 0.12° 
while the distance between the sample and the detector was determined to be 401.51 mm 
using a lanthanum hexaboride (LaB6) standard. The images were corrected for the dark 
current, distortion, and flat-field by the acquisition software. 
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Figure 6.9. (a) AFM topographical image showing the morphology of spin-cast CuSCN film. RMS 
surface roughness is 1.7 nm. (b) TEM image of the same CuSCN film also exhibiting similar features 
of elongated grains. (c) High-resolution TEM image and the corresponding FFT (inset) revealing the 
nanoscale crystallinity. (Author’s own work [258], reproduced with permission from John Wiley and 
Sons.) 
 
Figure 6.10. (a) Plan view image of the SAED pattern of nanocrystalline CuSCN film annotated with d-
spacing values. (b) X-ray powder diffraction pattern of the CuSCN powder used for the experiments in 
this work which is found to consist predominantly of the α phase when compared to the reference 
diffraction patterns of α-CuSCN and β-CuSCN. (Author’s own work [257], reproduced with permission 
from The Royal Society of Chemistry.) 
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Table 6.5. Proposed indexing of d-spacings with the lattice planes from α and β phases of CuSCN [257] 
- reproduced with permission from The Royal Society of Chemistry. 
d-spacing (Å) α-CuSCN β-CuSCN 
3.3 002 100 
2.9 131, 112 – 
2.7 400 004 
1.9 331 110 
1.6 204 202 
1.3 271, 343, 234, 172, 413, 080 204, 107, 008 
1.1 1000, 460, 840, 206 118, 300, 215, 302 
0.9 080, 555, 446, 915, 280 312,310 
   
 
 
 
Figure 6.11. (a) GIWAXS intensity map of the spin-cast CuSCN thin film. The colour bar shows 
increasing intensity from red to blue. The in-plane peaks 1p  and 1 'p , out-of-plane peak 2p , and large 
substrate powder ring s  are annotated in the image. The intensity is integrated in the horizontal 
(yellow rectangle) and radial (blue cake) directions and plotted in (b) and (c), respectively [yellow and 
blue arrows in (a) denote the direction of integration]. (Author’s own work [257], reproduced with 
permission from The Royal Society of Chemistry.) 
Figure 6.11(a) shows the intensity map from the GIWAXS measurements. Ring-like 
features can be observed, but clear ordering peaks 1p  and 1 'p  in the in-plane direction and 2p  
in the out-of-plane direction are also evident. The large powder ring, denoted as s , is the 
contribution from the substrate. The peak positions are determined from the integrated 
intensity plots in the horizontal (yellow rectangular area) and radial (blue cake area) directions 
as shown in Figure 6.11(b) and (c), respectively. The results locate the positions of 1p , 1 'p , 
124 
 
and 2p  at 1.1437, 2.2617, and 1.9184 Å
–1 which correspond to d-spacings of 5.49, 2.78, and 
3.28 Å, respectively. Again, these values can be assigned to both α-CuSCN and β-CuSCN (see 
Table 6.5). Noting that 1 'p  is the second order peak of 1p , the in-plane ordering can be 
ascribed to lattice planes (200) of  α-CuSCN or (002) of β-CuSCN, and the out-of-plane 
ordering to lattice planes (002) of α-CuSCN or (100) of β-CuSCN. Interestingly, for both the α 
and β phases, the results suggest that the longitudinal SCN Cu  unit lies parallel to the 
substrate. The oval-shaped grains seen in the AFM and TEM images [Figure 6.9(a) and (b)], 
which are also parallel to the substrate, may be elongated in the longitudinal direction of the 
SCN Cu  unit ([100] direction of α-CuSCN or [001] direction of β-CuSCN). However, 
further experimental studies are still required to confirm this point.  
6.4 Transistors and Circuits from  
Solution-Processed CuSCN 
The application of CuSCN a transparent, hole-transporting semiconductor is 
demonstrated by employing spin-cast CuSCN thin films as an active channel layer in various 
TFT architectures. The majority of the results presented in this section have been published in 
Refs. [257] and [258]. The first TFT structure investigated was the bottom-gate bottom-
contact [BG-BC, Figure 6.12(a)]. The substrates were Si wafers with 200-nm thermally grown 
SiO2 and photolithographically patterned ITO/Au (10 nm/30 nm) S/D electrodes (Fraunhofer 
IPMS). CuSCN was spin-cast from the saturated DPS solution onto the substrates and dried at 
80 °C for 15 min. Electrical characterisation of CuSCN-based TFTs were carried out by 
recording (with either Keithley 4200SCS or Agilent B2902A source measure units) and 
analysing the transfer and output curves. All processing and characterisation steps were 
performed in dry nitrogen atmosphere. The first set of experiments also includes the study on 
the effects of spin-casting speed (500, 1000, and 1500 rpm) on the morphology of the film and 
the TFT performance.  
The topographical images of CuSCN films spin-cast at 500, 1000, and 1500 rpm were 
recorded with AFM measurements and are shown in Figure 6.12(b)–(d), respectively. The 
elongated grains are evident in all cases, and interestingly, while the grain widths are similar, 
the grain lengths increase with the increasing spin speed. This is also accompanied by an 
increase in the RMS roughness from 1.14, 1.31, to 1.99 nm for average film thicknesses of 23, 
15, and 13 nm. Overall, this suggests that higher spin speed which corresponds to thinner 
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films may promote the grain growth in the longitudinal direction of the crystals, and vice versa 
for slower spin speeds. Since the boiling point of DPS is relatively high at 141–142 °C, the 
fresh films right after spin-coating are not completely dry and may still contain the solvent 
(especially at the selected spin speeds). CuSCN film formation is then expected to proceed 
during the drying phase on the hot plate, and as a result, thinner films may lead to better heat 
transfer and solvent evaporation that can help promote the grain growth. 
 
Figure 6.12. (a) Schematic of the BG-BC architecture. (b)–(d) AFM topographical images of CuSCN 
films spin-cast at 500, 1000, and 1500 rpm showing the increasing RMS surface roughness and length 
of the CuSCN grains with the increasing spin speed. (e) Transfer curves of BG-BC TFTs based CuSCN 
films spin-cast at 500, 1000, and 1500 rpm showing the decreasing performance with the increasing 
spin speed. Only forward sweeps are plotted for a clearer comparison. (f) and (g) Full-sweep transfer 
and output characteristics of a representative BG-BC TFT based on CuSCN spin-cast at 800 rpm. The 
large hysteresis is likely caused by charge trapping states at the unpassivated SiO2 surface. All device 
dimensions here are W = 10 mm and L = 20 µm. 
 However, the TFT performance decreases with the increasing spin speed, as presented 
in Figure 6.12(e). CuSCN film spin-cast at 1500 rpm yields TFTs with lower DI  and a larger 
negative THV , compared to TFTs based on CuSCN films processed at 500 and 1000 rpm. With 
the increasing spin speed, sat  decreases from 10
–3–10–2 cm2 V–1 s–1 for samples processed at 
500 and 1000 rpm to 10–4–10–3 cm2 V–1 s–1 for samples spin-cast at 1500 rpm. on offDI
  is also 
reduced from 104 to 103, and the average THV  is shifted from –20 to –35 and –60 V as the spin 
126 
 
speed increases. Interestingly, THS  are similar in all three cases, lying between 10–11 V dec
–1. 
The latter implies that the distribution of localised states is similar among the films processed 
at different speeds, which in turn may suggest that the shift in THV  may be related to the shift 
in FE  of the samples. In other words, if the localised states DOS is similar, the higher field 
required to turn the device on indicates that the starting point of FE  is further away from the 
valence band edge. This proposition may be corroborated by measuring the work functions of 
these samples; however, this information is not yet available at this point and will be a subject 
of further investigation. 
Also, the decrease in the carrier mobility in films processed at higher spin speeds may 
also signify that the lateral transport within the films is adversely affected by the longitudinal 
grain growth. As inferred from the GIWAXS results, the lengthwise direction of the grains 
may possibly align with the linear (distorted linear in the case of α-CuSCN) SCN Cu
segments. Based on the theoretical electronic structure of CuSCN (see Section 6.1), hole states 
correspond mainly to the 3d orbitals of Cu with some contribution from the S 3p, hence hole 
transport may be favoured in the plane of Cu atoms which in fact lies transverse to the 
longitudinal direction of the SCN Cu unit (and possibly that of the grains). Also, recall that 
the SCN unit contributes to the states deep in the valence band as well as the antibonding 
states of the conduction band. The transport in the longitudinal direction, which involves the 
alternating planes of Cu and SCN units, is expected to be less favourable. Consequently, the 
lengthwise grain growth observed in films processed at higher spin speeds may actually hinder 
the hole transport, resulting in lower hole mobility.  
From these results, slower spin-coating speeds are desired for better TFT performance. 
However, it was observed that the 500-rpm speed also resulted in high non-uniformity of the 
films, and the slowest speed which could yield films with good uniformity was found to be 
800 rpm. A representative set of transfer and output curves of BG-BC TFTs based on CuSCN 
films spin-cast at 800 rpm is displayed in Figure 6.12(f) and (g). The performance metrics are 
similar to TFTs based on films processed at 500 rpm, i.e., FE  of 10
–3–10–2 cm2 V–1 s–1 and 
on off
DI
  of 104. It should also be noted here that apart from the spin speed, the effects of drying 
temperature were also briefly investigated. Higher drying temperatures (up to 160 °C was 
tested) have been found to decrease the conductivity and carrier mobility, consistent with the 
previously reported results [249], but the reason of such behaviour is still unclear. On the 
other hand, lower drying temperatures lead to incomplete evaporation of the solvent even over 
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prolonged drying periods of up to 16 h, which results in highly unstable operation of the 
devices. The optimum drying temperature is chosen as 80 °C. 
  Also revealed in the full-sweep transfer plots is the large hysteresis with a THV  shift of 
~30 V between the forward and backward traces. This is likely to be the effects of the 
unpassivated SiO2 surface which is known to bear charge trapping states [261]. A number of 
surface passivation layers, such as hexamethyldisilazane (HMDS), octadecyldichlorosilane 
(OTS), and (3-aminopropyl)triethoxysilane (APTES), were experimented; however, treating 
the SiO2 surface with these self-assembled monolayers resulted in dewetting, and no 
continuous films of CuSCN were obtained on the passivated SiO2 surface. In order to rectify 
the issue of hysteresis, the top-gate bottom-contact (TG-BC) architecture, which allows the 
deposition of other dielectrics to form different CuSCN/dielectric interfaces, was employed.  
TG-BC TFTs [Figure 6.13(a)] were fabricated by spin-casting CuSCN onto glass 
substrates with Al/Au (5 nm/25 nm, thermally evaporated through shadow masks) S/D 
electrodes at 800 rpm for 60 s. After drying at 80 °C for 15 min, dielectrics were spin-coated 
on top and annealed at the required temperature. The structure was completed by the top Al 
gate electrodes deposited by thermal evaporation through shadow masks. The first dielectric 
chosen was CYTOP (Asahi Glass), which was spin-cast at 2000 rpm for 60 s and annealed at 
100 °C for 30 min. The geometric capacitance of CYTOP was obtained from capacitance 
measurements of Al/CYTOP/Al metal-insulator-metal (MIM) capacitors (shown later in the 
next chapter) as 2.5 nF cm–2. Figure 6.13(b) and (c) displays a representative set of transfer 
and output curves of CuSCN/CYTOP-based TG-BC TFTs. It can be seen that the hysteresis is 
greatly reduced while the carrier mobility (calculated from the linear region) FE  is retained in 
the range of 10–3–10–2 cm2 V–1 s–1 (average = 4×10–3 cm2 V–1 s–1). However, the small 
geometric capacitance of CYTOP also results in a high-voltage operation (with THV  of –50 V), 
low on offDI
 , and weak saturation.  
In order to reduce the operating voltage, CYTOP was substituted with a high-k relaxor 
ferroelectric terpolymer poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) 
[P(VDF-TrFE-CFE), see Figure 6.14(a)] at 56/36.5/7.5 %mol (provided by Prof. Feng Yan, 
Hong Kong Polytechnic University). P(VDF-TrFE-CFE), which has been employed to realise 
low-voltage organic semiconductors-based TFTs, owes its large dielectric constant  to the 
dielectric relaxation response of the ferroelectric nanodomains which are embedded in the 
paraelectric amorphous polymer matrix [262]. P(VDF-TrFE-CFE) dielectric layer was spin-
coated from a 30 mg ml–1 solution in 2-butanone (or methyl ethyl ketone, MEK) at 3000 rpm 
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for 30 s and annealed at 60 °C for 3 h. The annealing temperature is kept low to suppress the 
growth of the nanodomains which would otherwise lead to ferroelectricity. The geometric 
capacitance was determined to be 190 nF cm–2 from capacitance measurements of 
Al/polymer/Al MIM capacitors (see next chapter). With a thickness of 220 nm measured using 
a profilometer (Dektak), the dielectric constant of P(VDF-TrFE-CFE) employed here is 47.  
 
Figure 6.13. (a) Schematic of the TG-BC TFT architecture shown with the structure of the CYTOP 
polymeric dielectric. (b) and (c) A representative set of transfer and output curves of TG-BC TFTs 
based on CuSCN/CYTOP. Device dimensions are W = 1500 µm and L = 30 µm. 
Figure 6.14(b) and (c) present a representative set of transfer and output characteristics 
of TG-BC TFTs based on CuSCN/P(VDF-TrFE-CFE). The operating voltage is reduced to 
within –10 to –20 V with current saturation now clearly observed while the hysteresis is also 
negligible. THV  lies between –2 and–3 V whereas 
on off
DI
  is on the order of 104 or larger. 
Interestingly, FE  is also found to increase to 10
–2–10–1 cm2 V–1 s–1. In fact, carrier mobility of 
P(VDF-TrFE-CFE)-based devices is consistently larger than CYTOP-based devices when 
compared at the same level of induced carrier density. As discussed in the next chapter, the 
DOS of the localised states of the two set of devices with different dielectrics also has the 
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same distribution width. A clear explanation for the improved mobility is not yet available, but 
it is speculated that this may be related to the local effects at the CuSCN/dielectric interface.  
 
Figure 6.14. (a) Schematic of the TG-BC TFT architecture shown with the structure of the P(VDF-
TrFE-CFE) high-k relaxor ferroelectric polymer. (b) and (c) A representative set of transfer and output 
curves of TG-BC TFTs based on CuSCN/P(VDF-TrFE-CFE). Device dimensions are W = 1500 µm 
and L = 50 µm. (Author’s own work [258], reproduced with permission from John Wiley and Sons.) 
 The potential of employing CuSCN in electronic applications is explored further by 
realising a unipolar logic NOT gate (voltage inverter). The circuit is constructed from two 
CuSCN/P(VDF-TrFE-CFE)-based TG-BC TFTs, the schematic8 of which is displayed in the 
inset of Figure 6.15. The drain and gate terminals of TFT 1 are connected to obtain a diode-
connected transistor which acts as a load in this case. TFT 2 is connected normally and serves 
as a driving transistor. The transfer characteristics of the NOT gate were obtained by sweeping 
the input voltage INV  and measuring the output voltage OUTV  at various supply voltages DDV  
                                                   
8 The schematic shows the TFTs in a BG-TC architecture for a clearer representation and better visualisation 
of how the two TFTs are connected. In fact, the TG-BC architecture was employed here. 
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and are presented in Figure 6.15. The operation is observed in the third voltage quadrant, 
which is expected of a NOT gate based on a p-channel transistor. The logic function is 
correctly displayed with low OUTV  at high INV  and vice versa. The inverter gain, which is 
defined as the rate of change of OUTV  with respect to INV , is found to be on the order of 2. The 
low gain is typical for a NOT gate based on a unipolar circuitry. 
 
Figure 6.15. Transfer characteristics measured at various supply voltages DDV  of a unipolar NOT gate 
(voltage inverter). A schematic of the circuitry used here is shown in the inset. TFT 1 acts as a resistive 
load while TFT 2 is a driving transistor. A design rule of L = 30 µm was employed, and the channel 
widths of TFT 1 and TFT 2 are 100 and 1000 µm, respectively. (Author’s own work [258], reproduced 
with permission from John Wiley and Sons.) 
 p-channel TFTs with a truly transparent, solution-processed inorganic semiconductor 
as the active channel have been successfully demonstrated for the first time based on thin 
films of wide band gap hole-transporting CuSCN. The exploitation of the unique combination 
between electrical and optical properties is explored further by employing CuSCN as a 
transparent hole-transporting layer in organic photovoltaics (OPVs) and organic light-emitting 
diodes (OLEDs), as presented in the next section. 
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6.5 Applications of Solution-Processed CuSCN in 
Optoelectronic Devices 
A hole-transporting layer (HTL) is one of the essential components of thin-film 
optoelectronic devices such as OPVs and OLEDs. The basic requirements of a HTL 
encompass optical transparency to avoid interfering with the light absorption/emission of the 
devices as well as sufficient conductivity to minimise the series resistance in the case of OPVs 
or to allow low turn-on and operating voltages in OLEDs. Other highly important 
characteristics are the appropriate energy levels, i.e., a highest occupied molecular orbital 
(HOMO) level (or valence band edge in the case of CuSCN) lying close to that of the 
absorption/emission layer and the work function of the anode (usually ITO) as well as a 
shallow lowest unoccupied molecular orbital (LUMO) level (or conduction band edge for 
CuSCN) that can effectively block electrons. Other desired attributes also include, for 
example, solution-processability and chemical stability.  
The choice of solution-processable HTLs is very limited, and the commonly used 
material is poly(3,4-ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS). 
However, disadvantages of PEDOT:PSS, including parasitic optical absorption in the red and 
near-infrared (NIR) range, corrosiveness from its acidity, and the lack of electron-blocking 
ability, unfavourably affect the overall device performance. On the other hand, CuSCN with 
its high optical transparency, suitable energy levels (VB at 5.5 eV and CB at 2 eV or less, see 
Section 6.3.2), good chemical stability, and solution processability, is presented here as a new 
and potentially promising HTL candidate.   
However, the application of CuSCN as a HTL requires the control over the film 
thickness, and the DPS-based solution does not offer such ability due to the low solubility of 
CuSCN in DPS that limits the maximum thickness to less than 25 nm. Among other alkyl 
sulphide solvents which had been ruled out by Kumara et al. [200], diethyl sulphide (DES) 
was revisited during the research to employ CuSCN as a HTL in OPVs by Yaacobi-Gross et 
al. and found to be a suitable solvent. In fact, when the thickness of the CuSCN layer is the 
same, CuSCN/P(VDF-TrFE-CFE)-based TG-BC TFTs processed from DES solution show 
characteristics (in terms of FE , 
on off
DI
 , and THV ) similar to TFTs of the same structure 
processed from DPS solution. DES-based solution is therefore employed in the investigations 
of using CuSCN as a HTL in OPVs and OLEDs, the works which have been successfully 
carried out by colleagues in Prof. Anthopoulos’s group, Yaacobi-Gross et al. and Perumal et 
132 
 
al. (see Refs. [263] and [264]). Results from these two reports (I am also a co-author of both 
papers) are briefly presented hereafter to further highlight the merits of the unique 
combination of optical and electrical characteristics of CuSCN in addition to the transparent p-
channel transistor applications discussed in the previous section. 
6.5.1 Application in Organic Photovoltaic Devices 
For PV applications, CuSCN has been generally employed as the relatively thick top 
hole-transporting layer in solid-state dye-sensitised solar cells (DSSCs, see Section 6.1), and 
recently, Yaacobi-Gross et al. [263] have extended its usage to the bulk-heterojunction (BHJ) 
OPV devices. First of all, the suitability of CuSCN as a HTL in BHJ cells was studied by 
incorporating CuSCN in solar cells based on the well-understood poly-3-hexylthiophene: 
indene-C60 bisadduct (P3HT:ICBA) blend system (see experimental details in Ref. [263]). 
Figure 6.16(a) to (c) display the chemical structures of P3HT and ICBA, schematic of the BHJ 
cell structure, and energy levels of the relevant materials used here. P3HT:ICBA cells with 
PEDOT:PSS as a HTL were used as reference cells to benchmark CuSCN.  
 
Figure 6.16. (a) Chemical structures of P3HT and ICBA used as the active layer. (b) Schematic of the 
BHJ cell with the HTL being a 45-nm layer of either PEDOT:PSS or CuSCN. (c) Energy levels of the 
materials used here. Comparisons of (d) J V  characteristics measured under simulated solar light 
illumination and (e) EQE spectra of P3HT:ICBA cells with PEDOT:PSS and CuSCN as HTLs. 
(Reproduced from Ref. [263] with permission from John Wiley and Sons.) 
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The current density-voltage ( J V ) characteristics measured under simulated solar 
illumination (AM1.5G, 1 sun) of the two best performing P3HT:ICBA cells based on CuSCN 
and PEDOT:PSS HTLs are displayed in Figure 6.16(d). CuSCN-based devices consistently 
show higher power conversion efficiency (PCE) than PEDOT:PSS-based devices, i.e., 6.2% 
compared to 5.9% in this case. As the open-circuit voltage ( OCV ) and fill factor ( FF ) of the 
two sets of cells are similar, the improvement is resulted from the larger short-circuit current  
( SCJ ) of the CuSCN-based cells. The external quantum efficiency (EQE) spectra, presented in 
Figure 6.16(e), show that cells with CuSCN as the HTL exhibit approximately 5% higher EQE 
than cells with PEDOT:PSS HTL across the whole 400–700 nm spectral range. This may 
suggest that the enhanced performance is due to higher optical transparency of CuSCN 
compared to that of PEDOT:PSS, a proposition which is substantiated further by the study of 
BHJ cells with absorption range that extends to the NIR region, as discussed below. 
 
Figure 6.17. (a) Chemical structures and (b) energy levels of DT-PDPP-2T-TT, PC71BM, and 
DTS(FBTTh2)2. The energy level of CuSCN is also shown. (c) J V  characteristics measured under 
simulated solar light illumination of cells based on different D-A systems, all with CuSCN as the HTL. 
Comparisons of (d) J V  characteristics and (e) EQE spectra of PDPP-2T-TT:PC71BM cells with 
PEDOT:PSS and CuSCN as HTLs. (Reproduced from Ref. [263] with permission from John Wiley and 
Sons.) 
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 Yaacobi-Gross et al. also show the universal use of CuSCN as a HTL by 
demonstrating BHJ cells based on two other donor materials: 7,7′-[4,4-bis(2-ethylhexyl)-4H-
silolo[3,2-b:4,5-b′] dithiophene-2,6-diyl]bis[6-fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5yl) benzo 
[c][1,2,5]thiadiazole] or DTS(FBTTh2)2 and poly(dithiophene-diketopyrrolopyrrole-2,5-di-2-
thienylthieno[3,2-b]thiophene) or PDPP-2T-TT. The acceptor material paired with these 
donors was [6,6]-phenyl C71 butyric acid methyl ester or PC71BM, resulting in 
DTS(FBTTh2)2:PC71BM and PDPP-2T-TT:PC71BM solar cells. The chemical structures of the 
three species and their energy levels are displayed in Figure 6.17(a) and (b), respectively. The 
J V  characteristics of three types of donor-acceptor (D-A) BHJ cells with CuSCN as the 
HTL are presented in Figure 6.17(c). The average PCEs for P3HT:ICBA, 
DTS(FBTTh2)2:PC71BM, and PDPP-2T-TT:PC71BM cells (with CuSCN HTL) are 6.2%, 
6.9%, and 7.7%, respectively. Again, comparing the J V  characteristics and EQE spectra of 
CuSCN- and PEDOT:PSS-based PDPP-2T-TT:PC71BM cells [Figure 6.17(d) and (e)] reveals 
that CuSCN HTL yields larger SCJ  and higher EQE. The increase in EQE of CuSCN-based 
cells is now more pronounced in the NIR region where PEDOT:PSS is known to show 
parasitic absorption. The PCE is then enhanced from 6.2% for PEDOT:PSS-based devices to 
over 8% for CuSCN-based devices.  
In summary, the use of CuSCN as a HTL in BHJ solar cells has been demonstrated. 
Substituting the PEDOT:PSS layer with CuSCN results in higher SCJ  while maintaining high 
OCV  and FF , which in turn yields higher PCE. The enhancement in performance is likely due 
to the superior optical transparency of CuSCN which remains high over a broad spectral 
range. Further use of CuSCN as a HTL in OLEDs is presented in the next section. 
6.5.2 Application in Organic Light-Emitting Diodes 
The limited choice of HTLs is also an issue in the development of OLEDs. Similar to 
OPVs, PEDOT:PSS is commonly used, but other alternatives which can address the 
limitations associated with PEDOT:PSS (see discussion at the beginning of Section 6.5) are 
always desirable. To this end, Perumal et al. have recently explored the utilisation of CuSCN 
as a HTL in OLEDs as reported in Ref. [264]. Specifically, CuSCN was employed in a 
bottom-emitting OLED structure [Figure 6.18(a)]. The electron-transporting layer (ETL) was 
bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpyrimidine (B3PYMPM), and the emission layer 
(EML) was a guest-host system comprising the phosphorescent green emitter bis(2-phenyl 
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pyridine) (acetylacetonate)iridium(III) [(PPy)2Ir(acac)] as a guest and the blend of 2,6-bis(3-
(carbazol-9-yl)phenyl)pyridine (26DCzPPy) and 4,4′,4′′-tris(N-carbazolyl) triphenylamine 
(TCTA) as a host. Figure 6.18(b) and (c) show the energy levels and chemical structures of the 
components used in the work. OLED devices with PEDOT:PSS as a HTL were used as 
reference samples. See Ref. [264] for more experimental details. 
 
Figure 6.18. (a) Schematic of the OLED architecture employed. (b) Energy levels of the components 
used in the OLEDs. (c) Chemical structures and triplet energies ( 1T ) of 26DCzPPy, TCTA, 
(PPy)2Ir(acac), and B3PYMPM. The EML consists of 26DCzPy:TCTA blend doped with 
(PPy)2Ir(acac). B3PYMPM is used as an ETL. (Reproduced from Ref. [264] with permission from John 
Wiley and Sons.) 
 Figure 6.19(a) to (d), respectively, show the electroluminescence (EL) spectra, current 
density-luminance-voltage ( J V L  ) characteristics, luminous current efficacy (cd/A) vs 
luminance (cd/m2) characteristics, and luminous power efficacy (lm/W) vs luminance (cd/m2) 
of the OLED devices with CuSCN and PEDOT:PSS as the HTLs. The EL spectra [Figure 
6.19(a)] of both structures match well with the reference photoluminescence (PL) spectrum of 
the emitter (PPy)2Ir(acac). The small differences at wavelengths beyond 540 nm are ascribed 
to different optical environments of the structures. The J V L   characteristics [Figure 
6.19(b)] show that CuSCN-based devices turn on at lower voltages and exhibit lower leakage 
current density in the off-state. These two features are attributed to the lower injection barrier 
between CuSCN and the host TCTA as well as the electron-blocking property of CuSCN due 
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to its shallow conduction band (2 eV or lower). At high voltages, however, PEDOT:PSS-
based devices perform better by delivering larger current density and luminance, possibly due 
to the higher bulk conductivity of PEDOT:PSS compared to that of CuSCN. Both sets of 
devices also reach the 104 cd/m2 luminance level. The luminous current efficacy and power 
efficacy vs luminance characteristics [Figure 6.19(c) and (d)] also tell a similar story, i.e., 
CuSCN-based devices yield higher efficacies across the luminance range from 1 cd/m2 to 
~4×103 cd/m2, after which PEDOT:PSS-based devices dominate. The highest achievable 
efficacies of CuSCN-based OLEDs are also higher with values of 51 cd/A or 55 lm/W (at 1 
cd/m2) compared to 38 cd/A (at 2142 cd/m2) and 14 lm/W (at 1710 cd/m2) of PEDOT:PSS-
based devices.  
 
Figure 6.19. Comparison of the characteristics of the OLEDs based on CuSCN and PEDOT:PSS as 
HTLs. (a) EL spectra of the devices driven at 0.1 mA shown along the PL spectrum of (PPy)2Ir(acac) 
excited by a 320-nm source. (b) J L V   characteristics. (c) Luminous current efficacy (cd/A) vs 
luminance (cd/m2) characteristics. (d) Luminous power efficacy (lm/W) vs luminance (cd/m2) 
characteristics. (Reproduced from Ref. [264] with permission from John Wiley and Sons.) 
 In short, CuSCN is also a promising candidate as a PEDOT:PSS replacement in OLED 
applications due to its favourable energy levels, i.e., deep valence band that reduces the 
injection barrier leading to lower turn-on voltage and shallow conduction band that effectively 
blocks the electrons yielding low leakage current. Further performance improvement is 
expected from increasing the bulk conductivity of CuSCN, for example by doping.   
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6.6 Summary and Outlook 
CuSCN has been discussed in details in this chapter. Background information, 
especially the crystal and electronic structures which are crucial for the understanding of 
semiconducting properties of CuSCN, has been gathered and reviewed. CuSCN thin films 
processed from the DPS solution have been extensively characterised with a wide range of 
characterisation techniques. In short, CuSCN thin films are found to have stoichiometric ratio 
close to 1:1:1:1: (Cu:S:C:N) with some presence of C=N bonding states, the origin of which is 
still unclear but may be related to hydrogenation or remnant isothiocyanates from the solution 
phase. The work function and ionisation potential are determined to be 4.9 and 5.5 eV, 
respectively, whereas the band gap is found to be 3.5 eV or larger. More studies are still 
required to identify whether the fundamental gap of CuSCN is of a direct or indirect type. The 
large band gap gives rise to supreme optical transparency in the visible and NIR spectral 
range. The absorption is significant for wavelengths shorter than ~320 nm. Two absorption 
peaks have been observed at ~300 nm and ~236 nm. The films also exhibit polymorphism, 
likely to contain both α and β phases as well as a disorder phase. The crystallinity is short-
range with the crystallite size less than 10 nm. Elongated domains with a rod-/oval-like shape 
are seen in the film morphology. The diameters and widths of the domains are 30–40 nm and 
60–100 nm, respectively. The orientation of the crystallites possibly has the longitudinal axis 
of the SCN Cu  units parallel to the horizontal plane of the CuSCN film. 
By incorporating the solution-processed thin films of CuSCN in transistor structures, 
truly transparent p-channel TFTs have been demonstrated for the first time. The best 
performance is obtained from a TG-BC architecture with high-k relaxor ferroelectric P(VDF-
TrFE-CFE) as a dielectric layer, which yields TFTs operating at relatively low voltages with 
FE  in the range of 0.01–0.1 cm
2 V–1 s–1 and on offDI
  on the order of 104. Although the carrier 
mobility is still below the par level of 1 cm2 V–1 s–1, this work only serves as a beginning for 
further studies and investigations into the properties and potential of CuSCN for electronic 
applications. In light of this, the unique combination of optical and electronic properties of 
CuSCN has also been exploited in optoelectronic devices. Early demonstrations have shown 
that the high optical transparency and suitable energy levels of CuSCN along with its solution-
processability and chemical stability designates CuSCN as another promising choice for a 
hole-transporting layer in OPV and OLED devices.  
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Despite the early stage of the development, CuSCN has already shown great promise. 
However, there are still many open questions remaining regarding the properties of CuSCN. 
In particular, its electronic structure is not fully understood. More investigations both 
theoretically (e.g., computational studies of electronic structure) and experimentally [e.g., 
UPS, ARPES, or IPES (inverse photoelectron spectroscopy) to examine the valence and 
conduction band structures] are required in more details. Comparative studies of different 
polymorphs of CuSCN are also crucial. In addition, more optical measurements, e.g., 
photoluminescence, can characterise the electronic attributes such as the type of the band gap 
(direct or indirect) and the possible excitonic nature of CuSCN.  
The relationship between the morphology and hole transport in CuSCN is also a very 
interesting topic. As discussed in Section 6.4, the hole transport may be favoured in a certain 
crystallographic direction. The ability to control the morphology of CuSCN films may prove 
to be the key for achieving higher performance for each specific application (e.g., the charge 
transport is planar in TFTs but perpendicular to the film in typical OPVs and OLEDs). This 
would necessitate new methods of processing CuSCN. For the currently employed deposition 
based on the solutions of alkyl sulphides, more studies are also needed to understand the 
solvation/complexation of CuSCN with the solvents as well as the process of film formation. 
Furthermore, doping is another route to control the electrical/electronic properties of CuSCN 
and is currently under investigation within the research group. 
More studies are expected to bring more insights and better understanding of this 
unique material, which will hopefully open up new routes for the improvement in terms of 
device performance and perhaps lead to the realisation of new applications. To this end, this 
research also examines one aspect in more details, i.e., the charge carrier transport in CuSCN 
thin films, and the results are presented in the next chapter. 
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Chapter 7  
Charge Carrier Transport in  
Copper(I) Thiocyanate 
Charge carrier transport properties are fundamental knowledge and especially crucial 
for the understanding of materials used for electronic applications. Following the 
demonstration of opto/electronic devices based on CuSCN, the final part of this research aims 
to study the nature of hole transport in this unique material. As discussed in the previous 
chapter, CuSCN is highly non-crystalline, exhibiting only short-range crystallinity on the scale 
of 2–6 nm, charge carrier transport in CuSCN is then expected to follow the framework 
established for other non-crystalline materials. The theory of carrier transport in non-
crystalline semiconductors has been presented in Section 2.2 and is the basis for the discussion 
engaged hereafter.  
Concerning the electronic structure of CuSCN, non-crystallinity is known to result in 
the presence of localised states within the otherwise forbidden energy gap. The density of 
states (DOS) of these so-called tail states is studied by employing the Grünewald method, 
given in Section 4.4, to analyse the transfer characteristics of CuSCN-based TFTs. The charge 
carrier transport behaviour in CuSCN is then investigated through the analysis of the 
temperature dependence of field-effect carrier mobility. However, before embarking on these 
analyses, some basic parameters, which are necessary for the characterisation of 
semiconductors, are first obtained from the measurements of the metal-insulator-
semiconductor (MIS) structures, as discussed in the next section. 
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7.1 Dielectric Constant of CuSCN 
The MIS structure [Figure 7.1(a)] consists of layers identical to that used for the TG-
BC TFTs, i.e., Au/CuSCN/dielectric/Al. The fabrication steps were also the same, i.e., the 
metals were deposited with thermal evaporation through shadow masks whereas the 
semiconductor and insulator were spin-cast from solution. The pattern of the metal electrodes 
in this case, however, resulted in a parallel plate capacitor structure. The capacitance-voltage  
(C V ) characteristics of two 4-mm2 and two 8-mm2 MIS capacitors were obtained by an 
impedance analyser (Solartron 1260) at a frequency of 10 Hz. Due to the voltage range 
limitation of the measurement system, only capacitors based on P(VDF-TrFE-CFE) dielectric 
were measured. As the average thicknesses of CuSCN and P(VDF-TrFE-CFE) layers were 
17.5 ±2.5 and 220 ±5 nm, the large width-to-thickness ratio ensured that the parasitic fringe 
capacitance was negligible. The samples were placed in a vacuum probe station (Janis ST-
500), and measurements were carried out at high vacuum (10-6 mbar). The same setup was 
employed for all measurements discussed in this chapter. 
The C V  characteristics of the MIS capacitors are displayed in Figure 7.1(b). The 
capacitance is presented as geometric values, i.e., in the units of nF cm–2. Data points are 
averaged from four capacitors while the error bars denote one standard deviation. The 
progression from charge depletion to accumulation with the decreasing voltage is 
characteristic of p-type operation. Under accumulation, the charge in the semiconductor 
concentrates at the semiconductor/dielectric interface, and the majority of the electric field 
drops across the dielectric layer. The accumulation capacitance, therefore, corresponds mainly 
to the capacitance of the dielectric and is determined to be 189 ±4 nF cm–2.  In the depletion 
regime, the electric field drops across both the semiconductor and the dielectric layers, and the 
total capacitance is given by [46, 130] 
 1 1 1 ,
dep i sC C C
    (7.1) 
where depC  is the total depletion capacitance, and iC  and sC  are the capacitances of the 
insulator and semiconductor, respectively. With the measured depC  of 109 ±6 nF cm
–2 and iC  
approximated with the accumulation capacitance mentioned previously (189 ±4 nF cm–2), sC  
is then calculated as 258 ±34 nF cm–2. The dielectric constant of CuSCN CuSCN  can be 
computed from the relationship 
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 0 ,C
d

   (7.2) 
where 0  is the permittivity of free space and d  the thickness. As the thickness of CuSCN has 
been measured to be in the range 15–20 nm (hereby expressed as 17.5 ±2.5 nm), CuSCN  is 
found to be 5.1 ±1.0. Although the measurements were carried out at a frequency of 10 Hz, 
this value will be regarded as quasi-static and used in the subsequent calculations. For 
comparison, the dielectric constants of inorganic semiconductors ZnO, In2O3, and SnO2 are 
8.5, 8.9, and 9.7 [265-267] and those for organic semiconductors rubrene, pentacene, and 
poly(3-hyxylthiophene) (P3HT) are 3.3–3.9, 2.6, and 4.4 [268-270], respectively. The value of 
around 5 for CuSCN obtained here is intermediate and may reflect the stronger covalent 
character of CuSCN compared to other inorganic semiconductors. 
 
Figure 7.1. (a) Schematic of the Au/CuSCN/P(VDF-TrFE-CFE)/Al MIS structure. (b) C V  
characteristics of the MIS capacitors. Data points are average geometric capacitance of four capacitors 
with areas of 4 or 8 mm2 while the error bars represent one standard deviation. The inset shows the plot 
of 21 / C  vs V  with the linear fitting line for the calculation of FBV  and AN . (To be published, see Ref. 
[271]) 
The inset in Figure 7.1(b) shows the plot of 21/ C  vs V  which is employed to obtain 
the flat band voltage FBV  and doping concentration AN  of the CuSCN/P(VDF-TrFE-CFE) 
system. Specifically, the x-intercept and gradient of the line fitted to the linear region of the 
21/ C  vs V  plot (red solid line) can be used to approximate FBV  and AN , respectively, of a 
uniformly doped semiconductor [46, 130]. The dopants in this case refer to the unintentionally 
incorporated impurities or defects which may result in the p-type conductivity of CuSCN. 
Since the CuSCN film is thin and cast from a single spin-coating step using a solution of only 
CuSCN in DPS, it is reasonable to assume that the dopants are uniformly distributed within 
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the film. From the 21/ C  vs V  plot, FBV  is determined to be –0.7 ±0.1 V. The small FBV  also 
agrees well with the small the turn-on voltage ( ONV ) of CuSCN/P(VDF-TrFE-CFE)-based 
TFTs which is close to zero. It should be noted that FBV  is affected by the charges at the 
semiconductor/dielectric interface as well as within the dielectric itself. Therefore, FBV  in a 
different semiconductor/dielectric combination, e.g., CuSCN/CYTOP, may be different and in 
this case also implied by the large ONV  of CuSCN/CYTOP-based TFTs which is typically 
observed between –20 to –40 V. In addition, AN  can be determined from the gradient of the 
21/ C  vs V  plot according to [46, 130]  
 
1
2
0
2 1 ,A
s
dN
q dV C 

   
 
  (7.3) 
where s  is the dielectric constant of CuSCN ( CuSCN  = 5.1 ±1.0). By noting that the 
derivative term is the gradient of the red solid line in the inset of Figure 7.1(b), AN  is 
calculated to be (7.2 ±1.4)×1017 cm–3. From Table 6.1–Table 6.3, the concentrations of 
CuSCN are in the range of 1.4–1.5×1022 cm–3, AN  is then equivalent to approximately 50 
ppm.  
7.2 Energy Spectrum of Localised States in CuSCN 
The distribution of localised states in CuSCN was obtained by analysing the transfer 
characteristics of CuSCN TFTs with the Grünewald method. As the transistors were measured 
at various temperatures for the purpose of charge carrier transport study, the analysis on the 
temperature dependence of tail states DOS is also possible and discussed later in this section. 
Both CuSCN/CYTOP-based and CuSCN/P(VDF-TrFE-CFE)-based transistors were studied 
to ascertain whether the observed behaviour is inherent to CuSCN or affected by the 
dielectrics. However, since P(VDF-TrFE-CFE) is well known to display a strong temperature 
dependence [272-274], it is essential to first characterise the temperature-dependent behaviour 
of the dielectrics. This was done by measuring the capacitance of the metal-insulator-metal 
(MIM) structures at different temperatures. 
Figure 7.2(a) displays a schematic of the Al/dielectric/Al MIM structure. Both P(VDF-
TrFE-CFE) and CYTOP were studied in this experiment. The samples were placed inside a 
vacuum probe station (Janis ST-500) equipped with a liquid nitrogen-cooled cryogenic system 
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and a DC heating element controlled by a temperature controller (Scientific Instruments 
9700). The complex capacitances of four CYTOP-based and four P(VDF-TrFE-CFE)-based 
MIM capacitors with areas ranging from 6 to 16 mm2 were measured with an impedance 
analyser (Solartron 1260) in the temperature range 78–318 K.  
 
Figure 7.2. (a) Schematic of the Al/dielectric/Al MIM structure. (b) Temperature dependence of 
geometric capacitances of CYTOP and P(VDF-TrFE-CFE). Each plot is averaged from four capacitors 
with error bars showing the standard deviation. The inset shows the results of P(VDF-TrFE-CFE)-
based capacitors on a semi-logarithmic scale. (c) Temperature dependence of the dielectric loss of 
P(VDF-TrFE-CFE) exhibiting the peaks associated with the glass transition and relaxor ferroelectric 
relaxation. (To be published, see Ref. [271]) 
The average geometric capacitances measured at 10 Hz of CYTOP-based and P(VDF-
TrFE-CFE)-based structures are plotted as a function of temperature in Figure 7.2(b). The 
strong temperature dependence of P(VDF-TrFE-CFE) is clearly evident: the capacitance is 
around 14–15 nF cm–2 at low temperatures of 78–138 K, then rises rapidly, and reaches a peak 
value of 202 ±5 nF cm–2 at 303 K. Such behaviour is well-documented for P(VDF-TrFE-CFE) 
and characteristic of its relaxor ferroelectric nature [272-274]. The measured geometric 
capacitances at different temperatures are used in the subsequent Grünewald analysis and hole 
mobility calculations. Another important property of P(VDF-TrFE-CFE) is its glass transition 
temperature gT  at 258 K [273, 274] which can be observed as a small peak in the temperature-
dependent plot of the dielectric loss in Figure 7.2(c). As will be shown later, the peak in the 
mobility of CuSCN/P(VDF-TrFE-CFE)-based transistors interestingly occurs at gT  of P(VDF-
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TrFE-CFE). The capacitance of the CYTOP dielectric, on the other hand, is independent of 
temperature for the range considered here, with a constant value of 2.5 ±0.2 nF cm–2. As for 
the glass transition of CYTOP, the product information from Asahi Glass states a gT  of 381 K, 
which is out of the temperature range studied in this work. 
 With the temperature dependence of the dielectrics accounted for, it is now 
appropriate to proceed to the analyses of the characteristics of CuSCN TG-BC TFTs [Figure 
7.3(a)] obtained at different temperatures. First of all, the Grünewald method was applied to 
the transfer characteristics of CuSCN/CYTOP-based and CuSCN/P(VDF-TrFE-CFE)-based 
transistors measured at 288 K. The results of the former and the latter are shown as red and 
grey symbols in Figure 7.3(b), respectively. Data points of four CYTOP-based and three9 
P(VDF-TrFE-CFE)-based transistors are plotted individually with different symbol types [see 
label of Figure 7.3(b)]. At first, the DOS of CuSCN/P(VDF-TrFE-CFE) system appears to be 
consistently larger than that of CuSCN/CYTOP system by two orders of magnitude. However, 
it must be noted that the range of the semiconductor surface potential 0V  (or more specifically 
the potential at the semiconductor/dielectric interface) obtained from the Grünewald method 
can be affected by the off-current [ 0I  in Eq. (4.3)]. Recall from Section 4.4 that the Grünewald 
analysis essentially calculates 0V  as a function of GV  with reference to the flat band conditions 
(assumed to be the point where the transistor turns on in this case). The off-current 
corresponds to the background conductivity at flat band, i.e., when 0 0V  . In this case, the 
off-current of CuSCN/P(VDF-TrFE-CFE)-based transistors (~10–9 A) is significantly higher 
than that of CuSCN/CYTOP-based transistors (~10–11 A). The higher leakage in the former, 
which may signify a significant amount of shunt paths through the relatively thin polymer 
dielectric, masks the true background current in CuSCN, yielding an incorrect reference point 
for 0V  determination. Although the off-current of CuSCN/CYTOP-based transistors also 
possibly contains leakage current through the dielectric, it is taken as a better estimation of the 
true background current in CuSCN and used as a common reference point for both CYTOP- 
and P(VDF-TrFE-CFE)-based devices. The DOS of the latter calculated with the corrected 
off-current is plotted as blue symbols in Figure 7.3(b) and can be seen to connect well the 
DOS obtained from the CYTOP-based devices (red symbols) with some overlaps in the 0qV  
                                                   
9 Originally, four CuSCN/P(VDF-TrFE-CFE)-based transistors were tested, but one device broke down 
during the temperature-dependent measurements and is not included in the analysis. 
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range of ~0.25–0.35 eV.  The dashed line is an exponential fit to the linear part of the 
combined DOS and highlights more clearly the connection between the two sets of DOS. 
 
Figure 7.3. (a) Schematic of TG-BC TFT structure based on CuSCN/CYTOP or CuSCN/P(VDF-TrFE-
CFE). (b) DOS of localised states extracted from CuSCN FETs using the Grünewald method. Red and 
grey symbols denote CYTOP- and P(VDF-TrFE-CFE)-based devices, respectively. Blue symbols 
represent the latter with adjusted off-current. The dashed line is an exponential fit. (c) DOS vs VE E  
where VE  is set to zero. The results of CYTOP-based and P(VDF-TrFE-CFE)-based devices are now 
plotted together. The solid line is an exponential fit of Eq. (2.24). (d) DOS of localised states extracted 
from CuSCN FETs at various temperatures. Only the results of CYTOP-based devices are displayed for 
clarity. The solid lines are exponential fits of the data. (e) Temperature dependence of the DOS 
characteristic energy tE . (To be published, see Ref. [271]) 
The continuity between the DOS extracted from CuSCN transistors based on two 
different dielectrics may imply that the part of the distribution of localised states seen here is 
likely to be the inherent property of CuSCN. Also, it can be observed that the range of 
accessible 0qV  is different between the two cases, i.e., 0qV  of CYTOP-based devices 
terminates at ~0.35 eV whereas that of P(VDF-TrFE-CFE)-based devices continues further. In 
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fact, the latter extends into the range where the DOS increases rapidly and tends to unrealistic 
values, a behaviour which is also observed in the Grünewald analysis of Cu2O presented in 
Section 5.4. Again, it is speculated that this is a systematic error resulting from the quasi-
Fermi level FE  approaching the extended states, the region in which the assumptions of 
Grünewald method break down.10 The point where the DOS starts to deviate from the 
exponential fitting line at 0.45 eV is assumed to be the position of the hole mobility edge. 
The observation that 0qV  of CYTOP-based devices stops at ~0.1 eV short of reaching 
the hole mobility edge may imply Fermi level pinning in the CuSCN/CYTOP system, for 
example due to trapped charges at the interface. The significantly larger ONV  of CYTOP-based 
devices may also corroborate this point (although comparisons should be based on FBV  or the 
full C V  characteristics analysis, which is not available for the CuSCN/CYTOP system in 
this study). CYTOP generally yields a good semiconductor/dielectric interface; however, the 
specific nature of CuSCN/CYTOP interface may be different. In addition, the lower carrier 
mobility observed in CYTOP-based devices may also be due to the effects of Fermi level 
pinning that prevents the gate field from obtaining larger fractions of carriers in the extended 
states (mobile carriers). It is acknowledged, however, that this is highly speculative, and more 
in-depth investigations are required to study specifically the CuSCN/dielectric interface.   
 With mobility edge assumed to be at 0.45 eV, the 0qV  scale can now be translated into 
VE E  as shown in Figure 7.3(c). Fitting the DOS obtained from the Grünewald analysis to 
Eq. (2.24) yields the localised states DOS characteristic energy tE  of 42.4 ±0.1 meV (or 
correspondingly tT  = 492 ±2 K) and concentration tN  of (2.04 ±0.04)×1020 cm–3. It should be 
noted here again that determining tE  does not depend on the accuracy of the DOS relative to 
VE , and as discussed in the next section, the charge carrier transport behaviour is mainly 
affected by tE . The values of tE  and tT  in some common non-crystalline semiconductors are 
listed in Table 7.1 for comparison.   
The physical identities of these tail states are not certain but generally associated with 
the disorder in the materials whereas states deeper within the mobility gap (whose distribution 
                                                   
10 Another possibility is that the distribution of the localised states changes its functional form and 
progresses smoothly to join with the extended states. However, the values here are rather unrealistic (1022–
1024 cm–3 eV–1), for example compared to the molecular concentration of CuSCN of 1.4–1.5×1022 cm–3.  
This rapidly increasing part of the DOS is therefore dismissed in this study. 
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is wider, for example with tT  on the order of 1000 K [98, 275]) are typically ascribed to 
defects and impurities [98, 124, 125]. The disorder can be classified further into dynamic 
disorder such as thermal disorder from phonon coupling and static disorder such as structural 
disorder and variations in the lattice, and, in fact, both types of disorder can exist 
simultaneously [103, 108, 276]. Hence, the dependence of the distribution of the tail states on 
temperature may be expected due to the thermal component, which is the case for CuSCN as 
shown in Figure 7.3(d). Based on the results from the Grünewald analysis, the DOS obtained 
from the transfer characteristics of CuSCN transistors measured at different temperatures is 
seen to significantly change with temperature. Specifically, tE  (which also characterises the 
width of the distribution) decreases with the decreasing temperature for both CuSCN/CYTOP-
based and CuSCN/P(VDF-TrFE-CFE)-based TFTs with the average values of both sets being 
very similar at all temperatures, as presented in Figure 7.3(e). 
Table 7.1. Characteristic energy tE  and temperature tT  of the localised states distribution in various 
semiconductors. (To be published, see Ref. [271]) 
Semiconductor tE  (meV) tT  (K) Reference 
Cu2O (hole) 56 650 This work 
CuSCN (hole) 42 493 This work 
a-Si, a-Si:H    
– Electron 20–30 232–348 [98, 277, 278] 
– Hole 30–50 348–578 [120, 277, 279] 
a-As2Se3 (hole) 50 578 [110, 120] 
a-IGZO (electron) 20 232 [278] 
Pentacene (hole) 33, 40–60 385, 464–696 [127, 210] 
P3HT (hole) 27, 37 310, 425 [127] 
 
Similar behaviour has also been observed in a-Si from the optical absorption and 
photoelectron spectroscopy measurements [103, 108] although for a-Si, a “freeze-in” of the 
thermal component of the tail states, which manifests as the levelling off of tE  to a constant 
value, is observed at low temperatures. The value of tE  after the freeze-in then characterises 
the distribution of the structural disorder in a-Si. The temperature dependence of the DOS in 
CuSCN may imply that thermal disorder is also an important contribution to the tail states of 
CuSCN. However, since the freeze-in is not reached in the temperature range studied here, the 
relative contribution between thermal and structural disorder is not known. Further 
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investigations, especially with different experimental techniques, are required to characterise 
the distribution of tail states in CuSCN and its temperature dependence.  
7.3 Hole Transport Behaviour in CuSCN 
Recall the discussion in Sections 2.2.3 and 2.2.4, the main charge carrier transport 
modes in non-crystalline semiconductors are the multiple trapping and release (MTR) and 
variable-range hopping (VRH), and the analysis on the temperature dependence of carrier 
mobility is generally employed to study the charge carrier transport phenomena. In this work, 
this is carried out by analysing the field-effect hole mobilities calculated from the transfer 
characteristics of CuSCN/CYTOP-based and CuSCN/P(VDF-TrFE-CFE)-based transistors 
measured at different temperatures.  
The fabrication of TG-BC CuSCN TFTs is outlined in Section 6.4. For this 
experiment, the transistors were placed inside a vacuum probe station (Janis ST-500) equipped 
with a liquid nitrogen-cooled cryogenic system and a DC heating element controlled by a 
temperature controller (Scientific Instruments 9700). The transfer characteristics were 
measured by a semiconductor parameter analyser (Keithley 4200SCS) at temperatures ranging 
from 78 to 318 K in a 15 K step. Device dimensions were W = 1500 µm and L = 30 or 40 µm 
(both lengths yield similar mobility values). Four CuSCN/CYTOP devices and three (due to 
one breakdown) CuSCN/P(VDF-TrFE-CFE) devices were characterised, the average mobility 
values were used for the analysis. Also, the mobilities were obtained from the linear regime 
operation to ensure that the carrier transport was taking place in an approximately uniform 
channel and that the field dependence was negligible.   
Typically, the carrier transport is analysed from the plots of  ln lin  vs 1 / T  for 
different gate voltages GV . However, due to the greatly different geometric capacitances of the 
two dielectrics employed in this work as well as the strong temperature dependence of 
P(VDF-TrFE-CFE) (see Figure 7.2) which affect the operating voltage range, GV  is translated 
into the gate field-induced carrier density GN  from  G i G THN C V V  , where iC  is the 
geometric capacitance of the dielectric and THV  is the threshold voltage. The plots of  ln lin   
vs 1 T  at GN  = 1×1011, 5×1011, and 1×1012 cm–2 of CuSCN TFTs based on CYTOP and 
P(VDF-TrFE-CFE) dielectrics are presented in Figure 7.4. Albeit the CYTOP-based devices 
consistently yielding lower mobilities (possibly due to the Fermi level pinning as discussed in 
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the previous section), the two sets of transistors exhibit very similar behaviour. Three 
transport regimes can be identified: (1) 228–303 K, thermally activated with a large activation 
energy, (2) 123–228 K, thermally activated with a smaller activation energy, and (3) below 
123 K where temperature dependence is small. Similar behaviour of changing transport modes 
has been observed in other semiconductors such as a-Si and polycrystalline organic 
semiconductors [124, 280, 281]. It can also be seen that the mobility decreases at high 
temperatures, a behaviour which has been observed before in CuSCN [249], but the cause of 
which is still uncertain. The thermal changes of the dielectrics may also be related in this case. 
 
Figure 7.4. The plot of  ln lin  vs 1 / T  for the study of charge carrier transport in CuSCN thin film. 
Solid symbols denote the data points of CYTOP-based devices (averaged from four devices) while the 
open symbols represent those of P(VDF-TrFE-CFE)-based devices (averaged from three devices). Each 
colour shows the results obtained at one value of gate field-induced carrier density GN . The three 
regions of different transport modes are also annotated at the bottom of the figure. (To be published, 
see Ref. [271]) 
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Based on the framework of charge carrier transport in non-crystalline inorganic 
semiconductors discussed previously in Section 2.2.3, the transition between transport modes 
can explained by the concept of transport energy TRE . In Region 1, TRE  merges with the 
mobility edge and the transport proceeds by the MTR model. As the temperature decreases, 
TRE  falls below the mobility edge, changing the transport mode to VRH in Region 2. The 
presence of TRE  also explains the thermal activation behaviour of the VRH transport (see 
Section 2.2.3). Furthermore, as the temperature decreases further, TRE  approaches the Fermi 
level of the semiconductor and the thermal activation becomes inactive, which is likely to be 
the case for Region 3. The transport in the low temperature regime is expected to occur 
through hopping but of a different type. For example, Mott’s hopping [282] predicts a 
temperature dependence of the form ~  1/4exp T  , but this hopping type is based on a uniform 
DOS which is unlikely to be the case here. One possible mode may be the field-assisted 
hopping [283-285]; however, more experimental data, especially regarding the field-
dependence behaviour, are needed to substantiate this point. 
  The thermally activated characteristics of the MTR and VRH transport regimes are 
analysed further by fitting the data with Eq. (2.27) to obtain the activation energy AE  and 
mobility prefactor 0 , and the results are presented in Figure 7.5. The plots show AE  and 0  
as a function of the gate field-induced carrier density GN  (which is proportional to GV ). It can 
be seen that in all cases, AE  decreases with the increasing GN   [Figure 7.5(a) for MTR and (c) 
for VRH]. This is possibly due to the filling of tail states at higher energies (closer to the hole 
mobility edge) by the induced charges, hence decreasing the activation energy [286]. As 
mentioned in Section 2.2.4, AE  of MTR transport is related to the energetic distance between 
the mobility edge and the demarcation energy (or the energy at which the carrier distribution 
profile is maximum, see Figure 2.9) whereas AE  of the VRH regime is on the order of the tail 
states DOS characteristic energy tE . From the results, AE  of P(VDF-TrFE-CFE)-based 
transistors in the MTR regime is significantly larger than that of CYTOP-based devices 
[Figure 7.5(a)] while the two sets exhibit similar AE  in the VRH regime on the order of tE   
(42.4 meV) as expected [Figure 7.5(c)].  It is important to note that the MTR regime covers gT  
of P(VDF-TrFE-CFE) at ~258 K, and hence the larger AE  of CuSCN/P(VDF-TrFE-CFE)-
based transistors may also include the energy of the glass transition of the dielectric. Also, the 
mobility peak of these devices coincides with gT , which might suggest the effects of 
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CuSCN/dielectric interfacial morphology on the transport. On the other hand, the mobility 
prefactor 0  in most cases decreases with the increasing GN  [Figure 7.5(b) and (d)], which 
may reflect the inherent carrier concentration dependence of the definition of field-effect 
mobility as discussed in Section 2.2.4. The exception of increasing 0  with GN  observed in 
the MTR regime of P(VDF-TrFE-CFE)-based devices may also be related to the glass 
transition of the dielectric. 
 
Figure 7.5. The plots of activation energy AE  (solid symbols) and mobility prefactor 0  (open 
symbols) obtained by fitting the data in Figure 7.4 to Eq. (2.27) vs gate field-induced carrier density 
GN . The results of the MTR transport regime are shown in (a) and (b) while those of the VRH regime 
are shown in (c) and (d). (To be published, see Ref. [271]) 
 It is acknowledged that deeper insights into the charge carrier transport of CuSCN can 
be achieved by modelling the behaviour more rigorously; however, this would require more 
specific information as the input, for example, the wavelength localisation length, an accurate 
Fermi level, and the nature of the phonon interactions. Also, the transport models generally do 
not take into account the temperature dependence of the localised states distribution. As 
shown in the previous section, the thermal component of the disorder may have significant 
effects on the tail states DOS, which would inevitably influence the transport behaviour. A 
theoretical investigation to include the temperature dependence of the tail states in the model 
is expected to improve the understanding charge carrier transport in non-crystalline 
semiconductors in general. 
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7.4 Summary and Outlook 
Properties of CuSCN have been studied in more details from the aspect of 
semiconductor physics. The dielectric constant is determined to be around ~5 from the 
measurements of the MIS capacitors. Analysing the transistor transfer characteristics with the 
Grünewald method has revealed the exponential tail states in CuSCN, which is expected due 
to its non-crystalline nature. At 288 K, the characteristic energy of the tail states distribution is 
~42 meV, corresponding to a characteristic temperature of ~492 K. The charge carrier 
transport in CuSCN has been studied by investigating the temperature dependence of the field-
effect hole mobility, which has identified three regimes of transport. Multiple trapping and 
release (MTR) is found to dominate in the temperature range of 228–303 K, followed by the 
variable-range hopping (VRH) in the range of 123–228 K. Both of these transport modes are 
thermally activated. On the other hand, the transport behaviour at low temperatures shows 
weak dependence on temperature, the mechanism of which is still unclear but expected to 
proceed also via hopping. The transition among the different carrier transport modes can be 
explained by the shift of the transport energy with temperature. Also, it can be observed that 
the nature of the semiconductor/dielectric interface can have a strong influence on the 
transport phenomena.  
 The understanding of CuSCN as a semiconductor is beginning to take shape, but many 
aspects and more details are still awaiting investigation. The tail states should be studied in 
deeper details, for example, by spectroscopy techniques and Kelvin probe measurements as 
well as computational methods. More specific and more rigorous modelling of carrier 
transport in CuSCN is also expected to yield better insights that can offer ways of improving 
the performance. In addition, the study of CuSCN/dielectric interfaces is crucial for the 
development of transistor applications based on CuSCN. 
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Chapter 8  
Conclusions 
Solution-processed p-channel transistors based on cuprous oxide (Cu2O) and cuprous 
thiocyanate (CuSCN) have been successfully demonstrated in this work. Cu2O thin films were 
deposited by spray pyrolysis and employed as an active channel layer in TFTs with hole 
mobilities in the range of 10–4 to 10–3 cm2 V–1 s–1. The ability to deposit p-type oxides has 
highlighted the versatility of the spray pyrolysis further, in addition to other advantages such 
as cost-effectiveness and large-area deposition capability. Analysing the TFT characteristics of 
the Cu2O-based devices with the Grünewald method suggests the presence of an exponential 
distribution of localised states in the mobility gap of Cu2O with a large characteristic energy of 
~56 meV or equivalently a characteristic temperature of ~650 K. These localised states are 
likely the cause of poor TFT performance and may be related to impurities in Cu2O. 
Obtaining thin-film samples with high purity is one of the main issues of Cu2O TFT 
development. Cu and CuO are common impurity phases even in Cu2O produced from physical 
vapour deposition methods. For the current spray-coated Cu2O films based on the recipe using 
glucose and copper(II) acetate monohydrate, annealing the samples at different temperatures 
and in different environments may be one way to improve the film quality and TFT 
performance. For example, Kim et al. [145] employed a two-step annealing for their Cu2O 
films deposited from sol-gel: the first one at 400 °C in N2 to form a continuous film of Cu and 
the second at 700 °C in O2 to oxidise Cu to Cu2O. Since the possible film formation sequence 
of the spray pyrolysis studied in this work also starts from the Cu phase (see Chapter 5), the 
two sessions of annealing may give more control over the chemical reactions. This also 
implies that the spray pyrolysis should be investigated in more details to understand how the 
film forms. Post-annealing Cu2O in vacuum may also promote further grain growth of Cu2O, 
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reducing impurities and grain boundaries as demonstrated by Sohn et al. [232]. The effects of 
dielectric/Cu2O interface are also crucial especially for the TFT applications. However, the 
first priority should be to find a way to improve film quality and purity, and this may 
necessitate new precursors or new chemical routes. Once a reliable method is established, 
further studies can be carried out, for example, on the dielectric, doping, TFT structure, and so 
on.  
CuSCN, still in the early stage of development, was deposited by spin-casting, and has 
led to the first demonstration of p-channel TFTs with a truly transparent semiconducting layer 
which exhibit hole mobilities in the range of 10–3 to 10–2 cm2 V–1 s–1 that can be enhanced 
further to 10–2 to 10–1 cm2 V–1 s–1 when the high-k relaxor ferroelectric polymer P(VDF-TrFE-
CFE) is employed as the dielectric. A unipolar voltage inverter has also been realised from p-
channel CuSCN-based transistors, emphasising further the potential of CuSCN as an active 
layer in large-area and/or transparent electronics. Moreover, CuSCN is also introduced as an 
alternative for a transparent hole-transporting layer in OPVs and OLEDs. The demonstrations 
by colleagues from within the same research group have shown that CuSCN offers superior 
optical and electronic properties to those of the commonly used PEDOT:PSS. 
CuSCN thin films with the rare combination of high transparency throughout the 
visible spectral range and good hole-transporting characteristics have also been studied 
extensively with a wide range of characterisation techniques. It has been found that the unique 
optical and electrical properties have their grounds on the wide band gap (of 3.5 eV or larger), 
suitable energy levels (valence band edge at ~5.5 eV and conduction band edge at ~2 eV or 
shallower), and the non-delocalising nature of the valence band (from Cu 3d dominance with 
S 3p hybridisation). The films also exhibit polymorphism, likely to contain mixed α, β, and 
disorder phases, and the extent of crystallinity is on the nanoscale with crystallite size in the 
range of 2–6 nm. The peculiar morphology of elongated mounds may be related to the 
preferential crystal growth in a particular direction.  
Further studies have also been carried out to understand more about the 
semiconducting properties of CuSCN. The dielectric constant is determined to be ~5. By 
employing the Grünewald method, the exponential distribution of localised states within the 
mobility gap of CuSCN thin films has been revealed with a characteristic energy of ~42 meV, 
or correspondingly a characteristic temperature of ~492 K. The charge carrier transport mode 
is seen to change, with the decreasing temperature, from multiple trapping and release (MTR) 
type to variable-range hopping (VRH) and then to another hopping type with weak 
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temperature dependence. The transition between different transport modes can be explained 
by the temperature dependence of the transport energy.  
There are still many open questions regarding CuSCN which await further studies. In 
particular, the properties of CuSCN as a semiconductor are still not well understood. Its 
electronic and optical properties should be characterised in more details. As presented in 
Chapter 6, the type of the band gap of CuSCN is still uncertain whether it is direct or indirect. 
Also, the absorption spectrum shows a hint of an excitonic peak which may be of high 
importance for optical applications. The properties of each phase of CuSCN should also be 
studied separately and compared. One interesting point is the possible preference of charge 
transport in certain crystallographic directions. If proven true, this can be exploited by 
changing the morphology of the film such that the direction of transport corresponds to the 
specific structures or applications. To this end, the ability to control the film formation is 
required, necessitating a better understanding of the chemical properties of CuSCN. As the 
demonstrations of CuSCN-based opto/electronic devices reported here have widened the 
material repository for plastic electronic applications, in the long run, other materials in the 
metal pseudohalide or related families with novel electronic and optical characteristics may 
still await discovery. 
The author sincerely hopes that the work presented here can generate more interest in 
the related fields as well as serve as a foundation for further development of solution 
processing and applications of hole-transporting inorganic semiconductors. 
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